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RESUMO
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Programa de P6s-Graduacédo em Ciéncias Biol6gicaguBnica Toxicologica
Universidade Federal de Santa Maria

SISTEMAS PURINERGICO E COLINERCAEICO E PERFIL OXIDAVO NO
ENCEFALO DE ROEDORES: INFLUENCIA DO ALUMINIO E DE
DIFERENTES DIETAS

AUTORA: ROSILENE RODRIGUES KAIZER
ORIENTADORA: MARIA ROSA CHITOLINA SCHETINGER
Data e local de Defesa: Santa Maria, 05 de mar@pa8.

Neste estudo, investigamos os efeitos do alumhAdjoe(de diferentes dietas, individualmente
e em associagdo, através da determinagéo da devitiss enzimas NTPDase, 5’-nucleotidase
e acetilcolinesterase (AChE) no encéfalo de roedoAaicionalmente, investigamos o
estresse oxidativo, através da atividade da enant@xidante catalase, e a peroxidacdo
lipidica pela medida dos niveis de TBARS. Ratos hoacforam expostos ao Al (50
mg/kg/dia) através de gavagem, por um periodo dme3es. ApOs o tratamento, foi
determinada a atividade das enzimas NTPDase ectéatidase em sinaptossoma de cortex
cerebral, hipocampo e plaguetas. A hidrélise dosleatideos ATP, ADP e AMP foi
aumentada, nas fracdes sinaptossomais de cortebrakere hipocampo bem como nas
plaguetas. A atividade da AChE e os niveis de TBARram determinados em
homogeneizado de diferentes estruturas cerebraisadrindongos expostos ao Al (2,7
mg/kg/dia), através de gavagem, por um periodo meskes. Quanto a atividade da AChE, o
grupo que recebeu Al+citrato de sédio apresentoaumento da atividade desta enzima em
hipocampo, estriado, cértex e hipotalamo. J4 o ayryge recebeu sé Al apresentou uma
diminuicao da atividade em hipotalamo e um aumentceestriado. Além disto, a atividade da
AChE foi determinada em S1 de diferentes estrutemsbrais, sinaptossoma de cortex
cerebral, e em eritrécitos de ratos machos expasflg50 mg/kg/dia), através de gavagem,
por 3 meses. A atividade da AChE apresentou um ratianeen S1 de estriado e hipotalamo, e
em sinaptossoma de cortex cerebral e eritrocitoen®?, em sobrenadante (S1) de cerebelo,
hipocampo e cortex houve uma diminuicdo. Adicioralte, foi determinado o efeito de
dietas ricas em gordura saturada e acuUcar refisadee a atividade da enzima AChE em
homogeneizado de diferentes estruturas encefalecasatividade da enzima catalase em

figado, e os niveis de TBARS em plasma e figadmtis machos e fémeas. A atividade da



AChE em hipocampo, cortex e hipotadlamo de ratoshome fémeas foi diminuida, apos
exposicdo a ambas as dietas, rica em gordura eemcacucar. Nas estruturas cerebelo e
estriado ndo houve alteracdo na atividade da AG@lpGs o consumo de ambas as dietas, a
atividade da enzima catalase foi aumentada em digael ratos machos e fémeas.
Adicionalmente, considerando todas as alteracoasi@tadas pela exposi¢céo individual aos
fatores ambientais, Al e dietas, foi avaliado atefda associagcéo entre esses dois fatores.
Dessa forma, apds um periodo de 3 meses de expasigiunta ao Al (50 mg/kg/dia) atraveés
de gavagem e o consunam libitum de dietas ricas em gordura saturada e gordura
saturada/poliinsaturada, foram determinadas adatd das enzimas NTPDase e 5'-
nucleotidase em sinaptossomas de cortex cerebphqrietas de ratos. Os animais que
receberam ambas as dietas administradas em corgomoAl e Al/Ci apresentaram um
aumento na hidrolise dos nucleotideos ATP, ADP ePAMM sinaptossoma de cortex
cerebral e plaguetas. Os resultados obtidos nemeeestudo relatam que a exposicédo de
roedores a ambos os fatores ambientais Al e ditas em gordura saturada e acucar
refinado, individualmente e em conjunto, afetams@temas purinérico e colinérgico, e

causam estresse oxidativo.

Palavras-chave: Aluminio (Al), dietas, gordura, Gy NTPDase, 5’-nucleotidase,

Acetilcolinesterase (AChE), estresse oxidativay,raamundongo.
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In this study, the effects of Aluminium (Al) and different diets, both individually and in

association, were investigated through the detextioin of NTPDase, 5’-nucleotidase and
acetylcholinesterase (AChE) activities in rat brain addition, we investigated said effects
on oxidative stress by determining activity of Hrgioxidant enzyme catalase as well as lipid
peroxidation by measuring TBARS levels. Male ratse exposed to Al (50 mg/kg/day) by

gavage during three months. NTPDase and 5’-nudese activities were then determined in
synaptosomes of cerebral cortex and hippocampusieisas in platelets. ATP, ADP and

AMP hydrolysis was increased in both synaptosonfiegi@bral cortex and hippocampus, as
well as in platelets. AChE activity and TBARS l&s/avere determined in homogenate of
different brain structures in mice exposed to Al7(2ng/kg/day) by gavage during three
months. The group that received Al+sodium citpisented an increase in AChE activity in
hippocampus, striatum, cortex and hypothalamus.th@rother hand, the group that received
only Al presented a decrease in AChE activity ipdthalamus and an increase in striatum.
Moreover, AChE was determined in S1 of differergtibrstructures, synaptosomes of cerebral
cortex and erythrocytes of male rats exposed t¢58I mg/kg/day) by gavage during three
months. There was an increase in AChE activit$1nof striatum and hypothalamus and in
synaptosomes of cerebral cortex and erythrocytddowever, in S1 of cerebellum,

hippocampus and cortex there was a decrease.ditica the effect of diets rich in saturated

fat and refined sugar on AChE activity in homogeratdifferent brain structures, on catalase
activity in liver and on TBARS levels in plasma aliver were determined in female and

male rats. There was a decrease in AChE actinityippocampus, cortex and hypothalamus
of male and female rats given both a diet richatusated fat and a diet rich in refined sugar.

There was no alteration of AChE activity in cerdlnal and striatum. For both diets, catalase



activity was increased in liver of male and fenralts. In addition, considering the alterations
brought about by the individual exposure to bothiremmental factors, Al and diets, the
effect of the association of both factors was eat&ld. Thus, after a period of three months of
exposure to both Al (50 mg/kg/day) by gavage andtsdirich in saturated fat and
saturated/polyunsaturated fad libitum, NTPDase and 5’-nucleotidase activities were
determined in synaptosomes of cerebral cortex dauelpts of rats. Animals receiving both
diets in association with Al and Al/Ci presented iacrease in ATP, ADP and AMP
hydrolysis in synaptosomes of cerebral cortex aladejets. The results obtained in the
present study demonstrate that exposure to botioanvental factors, Al and diets rich in
saturated fat and refined sugar, either indiviguall in association, affected the purinergic

and cholinergic systems and caused oxidative sinegsss.

Keywords: Aluminium (Al), diets, fat, sugar, NTP@a%’-nucleotidase, Acetylcholinesterase
(AChE), oxidative stress, rats, mice.
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1. INTRODUCAO

Atualmente, o estilo de vida e o ambiente desermganbm papel fundamental na
manutencao da funcdo neural dos individuos, e &dimes podem estar relacionados com a
etiologia de diversas desordens neuroldgicas. AoRe&o Industrial gerou um grande
progresso as sociedades ocidentais, porém a disidmie de metais que ocorrem
naturalmente no ambiente, foi aumentada signifiaatente. Como foi o caso do uso
extensivo do aluminio (Al) na industria e na adtima, onde a acidificacdo do solo leva ao
aumento da disponibilidade do Al (LUKIW & MCLACHLANL995).

O Al é um dos metais mais abundantes e representa de 8% da crosta terrestre,
apesar disso, ndo apresenta funcdo bioldgica cilgh¢SUWALSKY et al., 2004). Os
mecanismos celulares da neurotoxicidade do Al esfaoionados com os riscos ambientais e
ocupacionais. As fontes potenciais de exposicadlamcluem alimentos, medicamentos,
como antiacidos e antidiarréicos, vacinas, aguavett utensilios de cozinha, cosméticos e
desodorantes (YOKEL & MCNAMARA, 2001). O Al é cordigamente um elemento
neurotéxico (YOKEL, 2000). A neurotoxicidade do #d deve a sua presenca no enceéfalo, a
qual é permitida devido a capacidade deste metah#uwenciar a permeabilidade da barreira
hemato-encefalica (BBB), alterando o fluxo de molés e ions dentro e fora do encéfalo
(BANKS et al., 1988). Dessa forma, ha o reconhestmdo Al como um agente neurotéxico,
e varios estudos relatam seu envolvimento na gimlda Doenca de Alzheimer (AD)
(BONDY et al., 1998; EXLEY & KORCHAZHKINA, 2001; GRCALVES & SILVA,
2007).

Outro fator relacionado ao progresso das sociedadiégntais € o consumo de dietas
ricas em agucar-refinado e gordura saturada. Estaiimtam que essas dietas contribuem para
o declinio cognitivo no envelhecimento (KNOPMAN at, 2001) e aceleram o curso da
deméncia na AD (KALMIJN et al., 1997, 2000). Reahtee a gordura saturada presente nas
dietas causa alteracdes na composicdo lipidicantasbranas plasmaticas, afetando a
atividade de enzimas ligadas a mesma. Em adicderagbhes na razdo molar de
colesterol/fosfolipideos (CH/PL) em nivel de bionteamas, podem levar a uma condicao de
vulnerabilidade a intoxicacdo ao Al (SILVA et &Q02). Assim, o Al pode afetar a atividade
de enzimas ligadas a membrana, como a NTPDasawEetidase e AChE.

O ATP € uma das principais moléculas extracelulairalizadoras em todo o corpo
(ABBRACCHIO & BURNSTOCK, 1998). As ectonucleotidasblTPDase (E.C. 3.6.1.5) e
5’-nucleotidase (E.C. 3.1.3.5) participam no cdetios niveis de ATP na fenda sinaptica e

atuam no controle da neuromodulagéo e neurotras8misurinérgica (SCHETINGER et al.,
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2001; BALZ et al., 2003). A enzima NTPDase hidmliss nucleotideos extracelulares di e
trifosfatados na presenca de’Cau M¢”, sendo bem caracterizada no sistema nervoso
central (SNC), em plaquetas e outros tecidos (PIeLAl., 1996; SCHETINGER et al., 2001,
BALZ et al.,, 2003). Estudos sugerem um papel pardNT@&PDase no controle da
neurotransmissdo, e alteracbes na atividade degiena parecem estar associadas com
diferentes processos relacionados ao aprendizadaisicdo de memoéria (ZIMMERMANN,
2001). Adicionalmente, a enzima 5’-nucleotidasealcset a hidrolise do AMP, liberando
como produto a adenosina, um importante neuromddul@IMMERMANN, 2001). O Al
pode interferir na neurotransmissao purinérgicajdidea caracteristica do ATP de se ligar
avidamente ao Al em pH fisiolégico, formando o ctemp AI-ATP. Essa ligacdo é mais
constante do que a sua habitual ligacdo ao co-fetagnésio (MACDONALD & MARTIN,
1988). Alem disso, o aluminio pode alterar a esteutlipidica de membranas celulares,
afetando o transporte de ions e conseqientemetderglo a atividade de enzimas
dependentes de ions, como a NTPDase e 5'-nucleetidapendem de cations divalentes
(SUWALSKY et al., 2000). Dessa forma, alteracoegstautura das membranas plasmaticas,
ocasionadas pelo Al ou devido a fatores da dietaoco colesterol, podem levar a mudancas
na atividade destas enzimas.

A neurotransmissao € um processo dinamico, sustem@r um ciclo permanente de
liberacdo de neurotransmissores, havendo a liberdedmais de um neurotransmissor em
resposta a estimulagcdo. Dessa forma, o ATP €& camante liberado com o
neurotransmissor acetilcolina, que é também indtivenzimaticamente na fenda sinaptica,
pela acetilcolinesterase (GONCALVES & SILVA, 2007). acetilcolinesterase (AChE, E.C.
3.1.1.7) € uma importante enzima regulatoria, gdeolisa rapidamente o neurotransmissor
acetilcolina (ACh), encontrada principalmente noétalo, masculos, eritrécitos e neurénios
colinérgicos (MESULAM et al., 2001A atividade da AChE é sensivel a fatores exdégenos
gue incluem dietas (RUANO et al., 2000; OLIVIERakt 2001; VAJRESWARI et al., 2002)

e exposicdo a metais como o Al (ZATTA et al., 2002éém disso, sabe-se que o Al interage
com o sistema colinérgico, agindo como uma colixioeo (GULYA et al., 1990). Os efeitos
estimulatorios e inibitorios de ensaiosiivo ein vitro do aluminio na atividade da AChE tém
sido descritos na literatura (PATOCKA, 1971; YATESal., 1980; MARQUIS et al., 1984;
KOWAL et al., 1989; GULYA et al.,, 1990; PENG et,all992; ZATTA et al.,, 1993;
KUMAR, 1998; PLATT et al., 2001; ZATTA et al., 2082YOUSEF, 2004). Esses diversos
efeitos obtidos podem ser explicados por diferenggsmétodos e doses de administracao do

Al, diferencas nas amostras biologicas, difereqtedodos de exposicdo e diferenca na
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especiacdo do metal. Ao mesmo tempo, acredita-sdagores das dietas também afetam a
atividade das colinesterases (VAJRESWARI et al022@RUANO et al., 2000; OLIVIER et
al., 2001; MCGEHEE et al.,, 2000). As alteracbesatimidade da AChE causadas por
diferentes dietas podem ocasionar mudancas nédipddeos e cadeias de acidos graxos
prejudicando a degradacdo da ACh. As dietas tamtgoiem alterar a disponibilidade de
precursores para a sintese de ACh, ou alteravidate da propria enzima.

Vale lembrar a possivel geracdo de estresse oxidadis células de animais expostos
a fatores oxidantes, como o Al e a diferentes comaptes da dieta. Ha muitos relatos
indicando que o Al interage com as membranas cekilgue constituem seu principal alvo,
induzindo alteragfes estruturais e funcionais desionanas, gerando a peroxidacao lipidica
(JONES & KOCHIAN, 1997; TAKANO & SHIMMEN, 1999; ZATA & SUWALSKY,
2001). O SNC e particularmente vulneravel as espé&eiativas de oxigénio (EROS) devido a
alta concentracdo de lipideos nas membranas aduteuronais (ZATTA et al., 2002b)

Considerando a possibilidade do envolvimento dadéatambientais como Al e dietas
ricas em gordura saturada e acucar refinado, olagith de diversas desordens neurologicas e
ao mesmo tempo, o fato dos neurotransmissores AAERheserem co-liberados na fenda
sindptica, o intuito do presente trabalho foi itiges alteracdes nos sistemas purinérgico e
colinérgico e perfil oxidativo de roedores exposansAl e as dietas individualmente, bem

como a administragcéo conjunta de ambos.
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1.1 Objetivos

1.2 Objetivo Geral

Avaliar o efeito da exposi¢do ao aluminio por umglm periodo, em baixas e altas doses,
bem como o consumo de diferentes dietas, e a asdoaile ambos nos sistemas colinérgico e

purinérgico.

1.3 Objetivos Especificos

- Verificar alteracdes na atividade da enzima AQBE. 3.1.1.7) em diferentes estruturas
encefalicas de camundongos machos expostos admigantracdo de aluminio.

- Determinar alteragGes na atividade das ecto-awiMTPDase (E.C. 3.6.1.5) e 5'-
nucleotidase (E.C. 3.1.3.5) em sinaptossomas dexcoerebral e hipocampo e plaquetas de
ratos expostos ao aluminio.

- Verificar alteragdes na atividade da enzima A@hEe sinaptossoma de cortex cerebral,
S1 de diferentes estruturas encefalicas e erib®ade ratos expostos a alta concentracdo de
Al.

- Verificar alteragGes na atividade da enzima AG@hi diferentes estruturas encefalicas
de ratos machos e fémeas submetidos a diferemtes di

- Verificar os efeitos do aluminio e das dietasrsabestresse oxidativo através da medida
do TBARS e da atividade da enzima catalase emedifies tecidos de ratos expostos ao
aluminio e diferentes dietas.

- Determinar o efeito da associacéo entre o Alegadiricas em gordura saturada sobre a
atividade das ecto-enzimas NTPDase e 5'- nuclasticem sinaptossomas de cértex cerebral

e plaguetas de ratos.
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2. REVISAO DE LITERATURA

2.1 Aluminio

Os humanos sao freqiientemente expostos ao Al davidato deste metal ser o terceiro
elemento mais abundante na crosta terrestre (EXRBY3). O isolamento do Aluminio (Al),
0 13° elemento da tabela periddica, em 1827 éuddioba Wohler (1827 apud GONCALVES
& SILVA, 2007). Porém, apesar desta grande abund&m sua distribuicdo no ambiente o
Al ndo apresenta uma funcao biolégica conhecidaN(BUSKY et al., 2004). O Al é um
metal altamente citotoxico para plantas e anineaéresponsavel por perdas significativas na
producao agricola mundial e uma série de desomEm®ldgicas em animais e humanos. O
desenvolvimento industrial e 0 uso de fertilizart®&® contribuido para a acidificacdo das
areas agricolas e habitats aquéticos (HAUG, 198¥L DR, 1991). Esta acidificacdo do
ambiente aumenta a biodisponibilidade do Al (LUKIN& MCLACHLAN, 1995).
Atualmente, o aluminio € amplamente utilizado ewas ligas e compostos sdo cruciais em
muitos setores industriais (GONCALVES & SILVA, 2Q0levando a exposi¢cédo ocupacional
de individuos. O aluminio € um constituinte deigd# de alimentos e medicamentos, tais
como antiacidos, antidiarréicos, aspirinas, alémcoemeéticos, desodorantes e tambéem é
encontrado em utensilios de cozinha (YOKEL, 200®&is de Al sdo frequentemente
utilizados na dgua como floculanteara remover a cor e a turbidez, durante os proseass
purificacdo e tratamento da agua (FLATEN, 2001)ag&sé&o as rotas primarias de exposicao
ao aluminio para a maioria dos seres humanos (SBTAND & GREGER, 1998). Dessa
forma, cada organismo desde plantas e animais espeepequenas quantidades de Al
(SCHETINGER et al., 1999; WILLIAMS, 1999; YOKEL, 0R2), que pode ser encontrado
praticamente em todos os tecidos de mamiferos coemgéfalo, figado, rins, coracdo, sangue
e 0ssos (DOMINGO et al., 1996; YOKEL et al., 199HETINGER et al., 1999). Vale
salientar que a presenca do Al no encéfalo se alesum capacidade em atravessar a barreira
hemato-encefalica (BBB) (YOKEL, 2002) onde se aclamas células nervosas e gliais,
chegando a alcancar concentragdes micromolaresthdas (GUY et al., 1990; DE STASIO
et al.,, 1994; SUAREZ-FERNANDEZ et al., 1996; LEVESIR et al.,, 2000; AREMU &
MESHITSUKA, 2005; NAGASAWA et al., 2006). Dessa riza, o Al pode interferir no
metabolismo de neurotransmissores e nas atividbgleazimas especificas responsaveis pela
sintese e degradacdo dos mesmos (GONCALVES & SI12087).

O Al tem sido reconhecido como um elemento neufoctdha mais de um século

(ZATTA et al., 2002a). Os primeiros estudos commems que demonstraram a
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neurotoxicidade do Al, foram conduzidos por Siedken (DOLKEN, 1897; ALFREY,
1993). Em 1965, foi relatado que a inoculacéo cetr@bral de fosfato de Al em coelhos
resulta na degeneracéo neurofibrilar (TERRY & PENI®65), estas alteracdes mostraram-se
muito semelhantes aos emaranhados neurofibrildsesreados na Doenca de Alzheimer
(AD) (FLATEN, 2001). Desde entédo surgiram variobates quanto ao papel do Al na AD.
Porém, somente no ano de 1973, foi publicado o gwimrelato do aumento das
concentracdes de Al no encéfalo de pacientes coflCHAPPER et al., 1973).

Ao mesmo tempo, logo apdés a introducdo da rotinadidése, em pacientes com
insuficiéncia renal, Alfrey e colaboradores deseramn a encefalopatia de dialise (ALFREY
et al.,, 1972; 1976 apud ZATTA et AL., 2003). Estaia considerada a primeira condicéo
humana relacionada com a exposicdo ao Al, e talvegrimeira doenca iatrogénica
reconhecida na populacdo de pacientes que realifiaise (ALFREY, 1993). Porém, é
preciso salientar as diferencas neuropatolégictre @nAD e a encefalopatia de didlise. Na
doenca de Alzheimer a acumulagédo do Al ocorre eraramhados neurofibrilares e placas
senis, enquanto na encefalopatia de didlise a dagémdo metal ocorre em todo o encéfalo
(ZATTA et al., 2003).

Em 1986, a primeira tentativa de relacionar osigirgais de Al presentes na agua potavel
com a AD, foi relatada em dois estudos paralelaBzaglos na Noruega, onde verificou-se
que a mortalidade de individuos com deméncia, fmiomem areas com altas concentragdes
de Al na agua potavel (FLATEN, 1986; VOGT, 1986)xiMtarde, estudos epidemioldgicos
confirmaram a implicagdo do acumulo anormal e pessabsor¢cdo do Al com a AD
(MARTYN et al., 1989; FRATAGLIONI, 1998; EXLEY, 2A0. Atualmente, a acumulacéo
do Al tem sido associada com uma grande variedadeatiblogias humanas tais como,
anemia, osteodistrofia, encefalopatias, fraquezacolar e doencas neurodegenerativas,
como a AD (GOMEZ et al., 1998; NICHOLAS et al., 999ZATTA et al., 2002a).
Realmente, a exposicdo por um longo periodo aarAtatos pode resultar em uma condi¢ao
neuropatoldgica na qual ha perda neuronal seletiva prejuizos da fungéo colinérgica sdo
evidentes (BILKEI-GORZO, 1993). O efeito neurot@xido Al pode ser explicado por
mecanismos adicionais, como a formacédo e acumuldgad3 (beta amildide) (NAYAK,
2002) De fato, as placas senis e os emaranhados neiuapéb, as principais lesées da AD,
sdo abundantes em regies enriquecidas por sinapaérgicas (MORAN et al., 1993;
GEULA & MESULAM, 1999).

Sabe-se que um dos sitios primarios de toxicidad&l pode estar relacionado com a

sua inser¢cdo nos dominios de ligacdo de metaisedasnas e lipideos, causando uma
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alteracdo no metabolismo e sinalizacao celular (WMIAR 1992; SHI et al., 1993 Al tem

um efeito negativo sobre inUmeras reacdes biogasrimaportantes envolvendo a ligacéo de
outros metais, como o Mge C&" com proteinas (YOKEL et al., 2003). Um exemplo ado
enzimas dependentes desses ions tais como a NTRDa&e-nucleotidase, que atuam em
cascata, finalizando a hidrdélise sequencial do ATRdenosina, nas sinapses purinérgicas
(SUWALSKY et al., 2000). Além disso, tem sido prefioque o Al pode potencializar as
atividades de neurotransmissores através da acéangaexo Al-ATP em receptores de ATP
no encéfalo (EXLEY, 1999).

Ao mesmo tempo, estudos demonstram que a interdgdd\l com fosfolipideos
carregados negativamente causam alteracdes nasiefdemfes fisicas das membranas
(VERSTRAETEN & OTEIZA, 2002). Adicionalmente, devem considerar que as
membranas celulares sédo fontes ricas de acidogrpgliinsaturados o que as torna
particularmente vulneraveis ao atague das EROg¢espreativas de oxigénio) (PARIHAR
et al., 2008). O estresse oxidativo € caracterizado um significante aumento na
concentracdo de EROs e espécies reativas de mioog@éou um decréscimo nos mecanismos
de detoxificacdo celular (SHRADER & FAHIMI, 200&). Al é considerado um agente pro-
oxidante (NAYAK, 2002). O sistema nervoso cent@NC) € particularmente vulneravel a
ERO, devido a alta concentracdo de lipideos nashmaras celulares neuronais (ZATTA et
al., 2002b). O estresse oxidativo gerado esta eitotom varias patologias humanas, como
por exemplo, a ateroesclerose, a injdria de rep@&ofma isquemia e hipertensdo (CORREA et
al., 2007), no cancer (MALDONADO et al.,, 2006), d@betes tipo 2o0u em doencas
neurodegenerativas tais como Mal de Parkinson e (8BRADER & FAHIMI, 2006).
Realmente, o Al pode ocasionar efeitos neurotoxjgosproduzir mudancas na estrutura e na
funcdo da membrana plasmatica (JULKA & GILL, 199&)dendo consequentemente alterar
a atividade de enzimas ligadas a mesma.

A co-ingestdo do Al com ligantes pode reciprocameimfluenciar a absorcao
gastrointestinal de ambos. Alguns ligantes na dletaonstram um aumento na absor¢ao do
Al, o citrato de sodio tem importante papel no meérao de transporte do Al (BERTHON,
2002). O citrato atua como veiculo, onde a passaderAl depende de sua ligacdo a um
citrato livre (EXLEY, 1999). O complexo Al-citraté formado pela ligacdo do Al com o
grupo hidroxil e dois terminais carboxilados doratth (GREGOR & POWELL, 1986).
(Figura 1)
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FIGURA 1 — A estrutura do complexo Al.Citrato. Adago de Yokel e colaboradores (1999).

A resposta biolégica a exposicdo a um compostmiquipode ser bifasica. A resposta
bifasica é caracterizada por um aumento na resgostase baixa, e uma diminuicdo em
resposta a uma dose mais alta (KUMAR, 1999). O é&gaz de produzir um efeito bifasico
em diversos sistemas celulares. Por exemplo, uraaase de Al pode diminuir a sintese de
proteinas enquanto que uma dose baixa pode aunwrdantese de proteinas (KUMAR,
1999). De fato, vérios trabalhos de exposigadgtro ein vivo ao Al relatam o efeito bifasico
nas enzimas colinérgicas (PATOCKA, 1971; YATES let 980; MARQUIS & BLACK,
1984; GULYA et al., 1990; EXLEY, 1999).

2.2 Dietas

A obesidade nos Estados Unidos (EUA) tem aumergaldstancialmente nos altimos
anos (FLEGAL et al., 1998; MUST et al., 1999; MOKDAet al., 1999), e atingiu niveis de
epidemia (ROBERTS et al., 2002). No Brasil, cere®88 milhdes de brasileiros com mais de
20 anos estdo acima do peso. Desse total, mai dellides sdo considerados obesos, de
acordo com os padrbes estabelecidos pela Organizdgadial de Saude (OMS) e pela
Organizacao para a Alimentacdo e Agricultura (FAR¥®gundo pesquisas 0 excesso de peso
dos brasileiros estd relacionado ao aumento dououmsle alimentos industrializados e
também pela ingestdo de grande quantidade de ag@eadurg MINISTERIO DA SAUDE,
2005).

A obesidade esta associada com uma variedade deadoerbnicas, incluindo a
doencga coronariana, a hipertensao, o diabetesoneeliertos tipos de cancer (JUNG, 1997;
MUST et al., 1999). A etiologia da obesidade € ifattirial, onde predisposi¢cdes genéticas
interagem como estilo de vida do individuo, priatmpente padrdoes de dieta e auséncia de
atividade fisica. A obesidade é o simples resul@eldiperfagia ou desequilibrio na razao

entre ingestao energética/gasto energético (ROBERT, 2002). No entanto, ha indicios
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de que a obesidade possa ser induzida sem umatdiagesergética significativamente
excessiva. Diversos estudos em modelos animaissesa humanos tém demonstrado que o
aumento dos niveis de carboidratos refinados (@sepe/ou gordura saturada nas dietas pode
levar a obesidade na auséncia de ingestdo excessieaergia (BARNARD et al., 1998a,
1998b; ROBERTS et al., 2002).

Uma vez que a genética dos humanos e outros ann@aisofreu grandes alteracdes
ao longo dos ultimos 40 anos, o aumento da obesipackce ser devido ao estilo de vida dos
individuos, especificamente dieta inapropriada @estrismo (ROBERTS et al., 2002).
Dessa forma, o estilo de vida é um fator crucialetialogia de doencas cronicas e na
manutencdo da funcao neural, relacionadas a olesel@utros distlrbios alimentares. Em
particular, o consumo de dietas ocidentalizadesgrielvidas apds a revolucédo industrial, as
quais sao ricas em gordura saturada e acucardefiigLOCK et al., 1988; GOLDBART et
al., 2006). Um estudo recente em pré-adolesceat@setevados niveis de LDL-colesterol,
relatou que o consumo de lanches rapidos, sobreneepezzas perfazem cerca de um tergo
do consumo total de energia dessas criancas (VARME@& al., 2005). Realmente, as dietas
ocidentais geralmente incluem pelo menos 30% ad@%nergia na forma de gordura, tendo
como fonte de lipideos acidos graxos saturados lengaiurados (SCHRAUWEN &
WESTERTERP, 2000). O consumo diario de alimentes gapita nos Estados Unidos
apresentou um aumento ao longo dos ultimos 40 anosentando de cerca de 3.100 kcal/dia
em 1965 para um consumo de 3.900 kcal/dia em 2BBESSER, 2007) (Figura 2).
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FIGURA 2 — Aumento do consumo diario de calorias Betados Unidos, per capita, por dia do ano d& 490
2000. Adaptado de Gerrior e colaboradores (2004).

Essas dietas podem contribuir para o declinio ¢egnino envelhecimento

(KNOPMAN et al., 2001) e podem acelerar o cursaldméncia na AD (KALMIJN et al.,

1997; 2000). Estudos relatam um numero de altesap@gropatoldgicas em animais expostos
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a dietas ricas em gordura saturada, similares asju®lracteristicamente associadas a AD
(SPARKS et al., 2000). A adicdo de colesterol #&adiesulta no aumento da imunoreatividade
a proteing3-amildide (A3) dentro dos neurénios do cértex e hipocampo daaini (XUE et

al., 2007). Foi observado em varios estudos a @coia de depdsitos anormais de placas
senis compreendendo a proteipramildide e emaranhados neurofibrilares (GLENNER,
1988; SELKOE, 1992; SOTO et al., 1994). Na AD sdseovados niveis reduzidos de
neurotransmissores e uma extensa perda neuronahaetica (SMITH et al.,, 1995;
NEWHOUSE et al., 1997). Especificamente, é relatasioprejuizo da funcéo colinérgica,
que estd relacionado a um decréscimo na liberagaeedrotransmissor ACh em cortex e
hipocampo (RAKONCZAY et al., 2005).

Os fatores da dieta também podem afetar a plastieitieuronal que € a capacidade
critica para compensar desafios, envolvendo meunasiselulares e moleculares de formacéo
e funcao de sinapses, crescimento de neuritosptagda comportamental (MOLTENI et al.,
2002). Assim, Molteni e colaboradores (2002), foemam evidéncias de que as dietas ricas
em gordura saturada e acucar refinado podem diménpiasticidade neuronal pela via de
regulacdo do fator neurotréfico derivado do encéf@DNF). O BDNF é um mediador
crucial da funcdo e vitalidade neuronal, e desefmparm importante papel nos eventos
neuronais de aprendizado e memoria (CASTREN €298, GOLDBART et al., 2006).

2.3 NTPDase e 5’-nucleotidase

O ATP (adenosina 5’- trifosfato) € uma reconhedaide de energia intracelular, um
nucleotideo de purina encontrado em virtualmentdago as células (FIELDS &
BURNSTOCK, 2006)Além de seu papel bem estabelecido no metabolistubac, o ATP
extracelular e os produtos de sua hidrdlise, ADBdenosina, apresentam pronunciados
efeitos em uma variedade de processos bioldgiookiimdo a neurotransmisséo, a contracéao
muscular, a funcdo cardiaca e plaquetaria, a Masagho e o metabolismo do glicogénio
hepético (AGTERESCH et al., 1999). Realmente, alig@cdo de nucleotideos extracelulares
€ reconhecida ha quase 20 anos, como um dos maastamtes mecanismos de sinalizacéo
intercelular (LUTHJE, 1989; BURNSTOCK & KNIGHT, 20 Dessa forma, o ATP é
reconhecido como um neurotransmissor e neuromoaiulad sistema nervoso central
(BURNSTOCK & WILLIAMS, 2000; CUNHA & RIBEIRO, 2000; FIELDS &
BURNSTOCK, 2006).
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Essencialmente, em todas as células de mamiferoprde®essos de liberacdo e
remocdo dos neurotransmissores da fenda sinaptida, um dos produtos de hidrélise do
ATP pode ativar diferentes tipos de receptores paceotideos (ROBSON et al., 2006). Por
exemplo, os receptores P2 ligam ATP e ADP, e aspteces P1 ligam adenosina (FIELDS &
BURNSTOCK, 2006) (Figura 3). Os receptores P2 s&dein em dois subtipos, os sete
subtipos de receptores ionotrépicos (P2X) e oitdipas de receptores metabotrépicos (P2Y)
(ROBSON et al., 2006). Os receptores P2X respora@”ATP, enquanto que os receptores
P2Y podem ser ativados por ATP, ADP, UTP, sendsigers também a pirimidinas, além de
nucleotideos de acucares, como UDP-glicose e Uldeigae (NORTH, 2002;
LAZAROWSKI, 2003; ABBRACCHIO et al., 2003). Lembrdo que os receptores de
purinas e pirimidinas sdo amplamente distribuidis $6 no sistema nervoso, como também
em muitas células nao-neuronais (BURNSTOCK & KNIGHZ004). Dessa forma,
dependendo do subtipo de receptor P2 e da vianddizseicdo envolvida, esses receptores
podem desencadear e mediar processos de curto (@@zdo) que afetam o metabolismo
celular, neurotransmissdo, neuromodulacdo, secreg#@lbcrina e exodcrina, agregacao
plaquetaria, vasodilatacdo. Além disso, a sinaiaggurinérgica também provoca profundo
impacto sobre outras respostas mais prolongadasindo proliferagéo celular, diferenciagao
e apoptose, levando ao envelhecimento, ao candeerg;as neurodegenerativas (HARDEN
et al., 1997; WEISMAN et al., 1998; BURNSTOCK & KGIHT, 2004).

ATP

g ADP

o

i

a E-NTPDase AP
or ]
E-NPP
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FIGURA 3 — Receptores purinérgicos ligam o ATP aosfular e os produtos das reacdes que resultam da
hidrélise enzimatica do ATP por ectonuclectidageraptado de Fields e Burnstock (2006).

Estudos relatam a atividade de membros de umaisanel nucleosideo trifosfato
difosfoidrolases como as NTPDase 1 a 8 (E.C. &5.&.uma 5-nucleotidase (E.C. 3.1.3.5,
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CD73) podem participar no controle dos niveis ediidares do ATP na fenda sinaptica e no
controle da neuromodulacéo e da neurotransmissdonepgica (ROBSON et al., 2006). A
NTPDase € uma enzima associada a membrana quédaidracleosideos extracelulares tri e
difosfatos na presenca de’Cau M¢* (ZIMMERMANN et al., 1998; SCHETINGER et al.,
1998; ROBSON et al., 2006) e tem sido bem caraetea no SNC e em outros tecidos, como
em plaguetas e em linfécitos (PILLA et al., 1996V IIERMANN, 2001; SCHETINGER et
al., 2001; BALZ et al., 2003; LUNKES et al., 200Z&AL et al., 2005). Recentemente, a
NTPDase em vertebrados foi caracterizada em oitmds denominadas NTPDase-1 a
NTPDase-8 (ROBSON et al., 2006; GRINTHAL & GUIDOTT006). Dos oito membros
desta familia, todos tem dois dominios transmenahreom excecdo das NTPDases 5 e 6
(GRINTHAL & GUIDOTTI, 2006). Além disso, vale sahar, que quatro das NTPDases séo
enzimas localizadas na superficie celular, com tm giatalitico voltado para o meio
extracelular, sdo as NTPDasel, 2, 3 e 8 (ROBSGOaN.,e2006). Como tal, essa familia de
NTPDases, tem modulado alguns processos de sig@dizau biossintéticos nos quais 0s
nucleotideos extracelulares desempenham um papslindo a homeostase vascular, a
manutencdo do tamanho celular, a sinalizacdo celal&uncdo imune e a modificacdo de
proteinas e lipideos (BRAKE & JULIUS, 1996; BURNSTK), 1998; GAYLE et al., 1998;
ENJYOJI et al., 1999; SCHWEIBERT e ZSEMBERY, 200BRRCUS et al., 2003).

Os subtipos individuais das NTPDases realizam uaneedade de tarefas na célula,
exibindo diferentes localizacdes e especificidadigimas residem na membrana plasmatica,
outras no complexo de Golgi, lisossomos, ou rasi@idoplasmatico (ZIMMERMANN,
2000). Além disso, cada NTPDase tem uma hierargaiiacteristica das preferéncias para
substratos, cétions divalentes e formacdo de pOdWANG & GUIDOTTI, 1998;
ZIMMERMANN, 2001; ROBSON et al., 2006). Realment&, possivel observar essas
preferéncias por substrato, como por exemplo, aDNBEBL hidrolisa igualmente bem ATP e
ADP, diferindo da NTPDase-2 que hidrolisa prefei@ntente o ATP (BALZ et al., 2003).
As NTPDase3 e 8, por sua vez, revelam uma pref@rénaior pelo substrato ATP em
relacdo ao ADP (ROBSON et al.,, 2006). Ao contratas NTPDasel e NTPDase2, as
NTPDase3 e NTPDase8 sdo preferencialmente ativpelms C&", em relacdo ao Mg
(BIGONNESSE et al., 2004; LAVOIE et al., 2004; VORHF et al., 2005).
Presumivelmente, as diferencas entre os subtipssprapriedades cataliticas, podem ser
devidas a diferencas na seqiéncia de aminoacido® também nas estruturas secundaria,
terciaria e quaternaria (GRINTHAL & GUIDOTTI, 200@igura 4).
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FIGURA 4 — Membros da familia de ectonucleotidases localizagdo celular, extracelular ou intraegu
preferéncia por substrato, além da topografia dia a@rupo de enzimas quanto aos dominios
transmembrana (1 ou 2). Adaptado de Vorhoff e aykdores (2005).

Outro aspecto estrutural compartilhado por todosnmmmbros da familia das
NTPDases é um conjunto de 5 dominios altamente ecasdos chamados regides
conservadas da apirase (ACRs), denominadas ACRCR5Aas quais tornaram-se uma
caracteristica marcante destas enzimas, provavetndesempenhando um importante papel
na formacéao do sitio catalitico das enzimas (SCHUETal., 1999). As NTPDasel, 2, 3 e 8
séo firmemente ancoradas a membrana via dois dosnirinsmembrana, o terminal amino
(TM1) e o terminal carboxi (TM2), que como por exdo) na NTPDasel sao importantes
para a manutencdo da atividade catalitica e egpdaide ao substrato (SCHULTE et al.,
1999; GRINTHAL & GUIDOTTI, 2006). Realmente, estisddeterminaram que a atividade
da CD39 requer a presenca de ambos os terminaiseTMM2 na membrana (GRINTHAL &
GUIDOTTI, 2006).

A 5’-nucleotidase em associacdo a NTPDase, complétarélise dos nucleotideos,
com a hidrélise do AMP até a producdo de adend@ldMERMANN, 1992). A enzima
Ecto-5'-nucleotidase é uma glicoproteina ancoradbcasilfosfatidil inositol (GPI), e ocorre
essencialmente em todos os tecidos, sendo traasitmte expressa na superficie de células
nervosas em desenvolvimento, e nas sinapses dwsantdesenvolvimento e remodelacdo
(ZIMMERMANN et al., 1998). A adenosina no SNC €& ainimportante molécula
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neuromoduladora (LOPES et al., 2002), além de atmao um modulador do ténus vascular
e como um inibidor da agregacdo plaquetaria (MENQ@Net al., 2000; KAWASHINA et
al., 2000). A ecto-5-nucleotidase € ancorada a bmama por um Unico dominio
transmembrana (SEMENZA, 1986). A familia de recegt@le adenosina P1 € compreendida
por Ai, Az Aos e Ag, todos acoplados a proteinas G (FIELDS & BURNSTQQRBO6)
(Figura 5).

E-NTPDases 5"-Nucleotidase
ATP - ADP A AMP Ad .
UT’F — UDP » »> Adelnosma
| i s
P2 Receptor P2 Receptor P1 Receptor
P2X: ATP P2Y: ADP, UDP

Adenosina
P2Y: ATP, UTP

FIGURA 5 — Catabolismo de nucleotideos extracedslara superficie celular e ativagdo potencial depteres
de nucleotideos (receptores P2) e de adenosin@pf{oges P1). Adaptado de Kukulski e
colaboradores (2005).

2.4 Acetilcolinesterase (AChE)

Os principais componentes que regulam a neurotias8m colinérgica sdo: a
acetilcolina (ACh), colina-acetiltransferase (ChAD transportador de colina (CHT), o
transportador de acetilcolina vesicular (VAChT), meptores muscarinicos (mAChR),
receptores nicotinicos (nAChR) e a acetilcolinesteifAChE) (SARTER & PARIKH, 2005).

A ACh foi o primeiro composto a ser identificadonam um neurotransmissor nas
sinapses do SNC (VAN DER ZEE & LUITEN, 1999). A AGlesempenha um papel
fundamental no SNC e esta relacionada ao compantaméem como aprendizado e
memoria, além de atuar na organizacao cortical o@mento, e controle do fluxo sanguineo
cerebral (MESULAM et al., 2002; MORETTO et al., 200No neurdnio pré-sinaptico a ACh
é sintetizada pela enzima colina-acetiltransfer@®AT) a partir dos precursores acetil-
coenzima A (CoA), que doa o grupo acetil, e co(B@REQ & SEIDMAN, 2001). A acetil-
CoA é um produto do metabolismo oxidativo na mitabiia, e a colina é derivada do
metabolismo lipidico ou obtida por recaptacdo nadée sinaptica (VAN DER ZEE &
LUITEN, 1999; SARTER & PARIKH, 2005). Os niveis magis de colina no encéfalo e
plasma parecem ser relativamente estaveis em VLLOCKMAN & ALLEN, 2002).

Porém, dietas com deficiéncia e ricas em colinaepodeduzir e aumentar, respectivamente,



34

0s niveis plasmaticos de colina, e consequentem@odem também afetar os niveis
cerebrais de colina (WURTMAN et al., 2000). Esderacdes no conteudo de colina podem,
por sua vez, afetar a sintese de ACh. Apo0s stessina ACh é armazenada em vesiculas
sinapticas via um transportador vesicular-ACh (vALhe permanece no terminal pré-
sinaptico, até que um potencial de acdo chegueraunal, liberando-a na fenda sinaptica
(SOREQ & SEIDMAN, 2001) (Figura 6).

eurdnio pre-sinaptico
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DAG +—‘>PKC

Neurdnio pés-sinaptico

oach (w1 (HIm2 ZAChE-S OvAChT

FIGURA 6 — Sinapse colinérgica. Adaptado de Sor8gidman, 2001.

A acdo da ACh é mediada por receptores muscarigigosotinicos, localizados nas
membranas pré e pés-sinapticas transmitindo infoéimeaatravés da inducao de potenciais de
acado (SOREQ & SEIDMAN, 2001). Os receptores mustar$ (mMAChRs) séo ligados a
proteina G, e cinco subtipos foram identificadod{M5), sendo que os receptores M1 e M2
estdo presentes em neurdnios do SNC e sistemasngreaférico (SNP) (VAN DER ZEE &
LUITEN, 1999). Os receptores nicotinicos (nNAChRslaesn como canais ibnicos regulados
por um ligante, com alta permeabilidade ag*Ca sdo constituidos por cinco subunidades
denominadasul, a2, B, vy e & (ARIAS, 2000; DIAZ-HERNANDEZ et al., 2002). Os

receptores nicotinicos estéo localizados na meralpas-sinaptica, no SNC e nos musculos,
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nas juncgdes neuromusculares (ARIAS, 2000). Noitenpré-sinptico, a acetilcolina e o
ATP séo co-estocados e co-liberados, e ambos apresa capacidade de ativar receptores
ionotropicos (WONNACOTT, 1997, MACDERMOTT et al,999; KHAKH &
HENDERSON, 2000; GONCALVES & SILVA, 2007). Os retems ionotropicos de
nucleotideo, P2X, sdo abundantemente expressasistesas nervoso central e periférico, e
assim como o NAChR, também apresentam alta perlidealei aos ions GA(KRISHTAL et

al., 1988; COLLO et al.,, 1996; EVANS et al.,, 199BUNHA & RIBEIRO, 2000). Os
receptores P2 sdo muito mais abundantes nos tesntoknérgicos, do que na populacéo
total dos terminais sinapticos (DIAZ-HERNANDEZadt, 2002).

Apés efetuar sua funcdo, a ACh é hidrolisada naldesinaptica pela enzima
acetilcolinesterase (AChE, E.C. 3.1.1.7), liberarndo acético e colina (SOREQ &
SEIDMAN, 2001). A colina, por sua vez, € em suaanaicaptada por um transportador de
colina (CHT) para o terminal pré-sinaptico, ondeiaacomo precursora na sintese de uma
nova molécula de ACh (SARTER & PARIKH, 2005). A AER uma importante enzima
regulatoria que hidrolisa rapidamente o neurotrasson ACh nas sinapses colinérgicas, bem
como nas juncdes neuromusculares (GRISARU et 809)1 A AChE € uma enzima
heterogénea encontrada em encéfalo, musculos,6cos e neurdnios colinérgicos
(MESULAM et al., 2001). A AChE apresenta diferenfermas moleculares, trés formas
globulares (G1, G2 e G4) e trés formas assimétrigds A8 e Al2). O SNC contém,
principalmente, as formas globulares, enquanto camas assimétricas sao encontradas
principalmente no sistema nervoso periférico (SdlR)usculo (RAKONCZAY et al., 2005).
As formas globulares podem ser sollveis ou anceradanembrana por sequéncias de
aminoacidos hidrofébicos e sédo preferencialmenpeessas no SNC, enquanto outras formas
sao ligadas a membrana através de glicofosfoligidmdo encontradas nos sistema nervoso,
musculo, eritrocitos e linfocitos (TALESA, 2001)sAormas assimétricas estao incluidas na
matriz extracelular por uma cauda colagénica (CokQ)estdo localizadas nas juncgdes
neuromusculares (TALESA, 2001; ALDUNATE et al., 2QQFigura 7).
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FIGURA 7 — Isoformas da enzima AChE. Adaptado de:tivww.chemistry.emory.edu/ach_inactivation.htm

A AChE mostra algumas caracteristicas ndo encagraoch alguma outra enzima, tais
como, a organizacdo do sitio ativo e 0 mecanismaliteo. O sitio ativo da AChE é
encontrado no interior de uma garganta estrgjtagé), e consiste de dois subsitios de
ligagdo, um carregado negativamente ou sitio atedre um sitio esterasico, contendo os
residuos cataliticos, também chamados de triadditcat (SHAFFERMAN et al., 1992;
TALESA, 2001). A triade catalitica € composta p@stresiduos de aminoacidos, serina,
histidina e um residuo acido, glutamato (SOREQ &DBEAN, 2001). Além do sitio
catalitico, a AChE apresenta um sitio aniénico f@aco (PAS), que esta localizado na
entrada do sitio ativgorge, este é o sitio de ligacao para inibidores e dtikes alostéricos
(TAYLOR & LAPPI, 1975). A ACh é hidrolisada a partle sua ligacéo ao residuo de serina
no sitio ativo da enzima, formando o intermedidaizetil-AChE, liberando colina. Em
sequéncia, ha a hidrdlise desse intermediariodifiy acetato, e permitindo turnover” da
enzima (SOREQ & SEIDMAN, 2001) (Figura 8).
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FIGURA 8 - Sitio esterasico contendo a triade @tatal externamente o sitio periférico aniénico A
Adaptado de Soreq & Seidman (2001).

Além das propriedades cataliticas a AChE tem uierpe efeito na adesao celular
(JOHNSON & MOORE, 1999), na extensao dos neuritésfER et al., 1993 apud SOREQ
& SEIDMAN, 2001), como também participa na regutagdtrutural da diferenciacdo pos-
sinaptica (SOREQ & SEIDMAN, 2001). Além disso, a#pode estar presente tanto em
veneno de cobra quanto no SNC de mamiferos (AHME&I.£2006) e varios fatores tais
como dietas (RUANO et al., 2000; MC GEHEE et a@Q@ OLIVIER et al., 2001) e metais
(ZATTA et al., 2002a) podem afetar a sua atividasldicionalmente, também é um alvo de
neurotoxinas presentes em inseticidas e agentegiel®a quimica, aléem de ser um alvo
terapéutico no tratamento da depressao e da Daend&zheimer (AD) (MESULAM et al.,
2001; RACCHlI et al., 2004).

Estudos tém relatado a abundancia de placas semamnhados neurofibrilares, que
sdo as principais lesdes fisiolégicas da AD, nagifes enriquecidas com sinapses
colinérgicas (MORAN et al., 1993; GEULA & MESULAM,999). De fato, evidéncias de
que a enzima pode aumentar a agregacao da prA@GINALVAREZ et al.,, 1997; De
FERRARI et al., 2001) e promover a geracao de agiegamildides por acelerar o acumulo
do peptideo A (INESTROSA et al., 1996; BARTOLI et al., 2003)gsuem o envolvimento
da AChE na génese da AD.

2.5 Estresse oxidativo e defesa antioxidante

Sob condigbes fisioldgicas normais, espécies viamatiao oxigénio (ERO), sao
formadas em baixas concentracfes nas ceélulasdose@or meio da reducdo do oxigénio
molecular (GUTTERIDGE & HALLIWELL, 1989; SIES, 19%3 O quimico francés
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Lavoisier foi o primeiro a explicar em 1777 que anbustdo e respiragdo S&0 processos
ligados a reac6es envolvendo oxigénio (ZATTA et2002b). Realmente, o oxigénioj@ a
molécula oxidante mais importante nos organismaosbams (PARIHAR et al., 2008).
Muitos tipos de EROs séo formados dentro dos osgars, as formas mais comuns de EROs
incluem: anion superéxido (0, radical hidroxil (OH), oxigénio “singleto” {0.), e perdxido

de hidrogénio (bD,). Essas EROs, sao produtos do recebimento derbreldo Q, que é o
precursor da maioria das EROs e o mediador na$esapxidativas em cadeia. O radical
hidroxil (OH) é o radical mais reativo, o peroxido de hiérmug (HO,) € produzidan vivo

em muitas reacdes e pode ser convertido no altameativo OH).

Formacéo de EROs:

O,+e— 0y

0, -+ Q- +2H - H0, + O, (HO2 — 2 H0 + )
Oy + O, —» O, + OH- + OH

Peroxidacao Lipidica
ROOH + metdl" — ROO- + metdl* + H'
X- + RH— R- + XH

R- + G — ROO.-
ROO:- + RH— ROOH + R-

ROO- + ROO-— ROOR + Q
ROO-+ R— ROOR
R- + R— RR-

As células sédo capazes de se defender dos efeitmsos das EROs em condigbes
fisiolégicas normais, por meio de mecanismos ait@xes endogenos que incluem um
sistema enzimatico e nao-enzimatico, como vitammasdgumas moléculas antioxidantes
(GUEMOURI et al., 1991). Normalmente, ha um equititentre a producéo e a destruicdo
das EROs. Porém, quando este equilibrio é desfruédo EROs sao produzidas
excessivamente e todos os tecidos estdo expoststragsse oxidativo (AUST et al., 1986).
Em muitos tecidos a producdo aumentada de EROsndopida pela exposicdo a diversos

fatores exdgenos, como o Al que é um agente prdeake (EXLEY, 2004). A peroxidacao
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lipidica de membranas ocorre quando ha um aumeatproducdo de EROs e/ou uma
diminuicdo nos mecanismos de defesa antioxidante.

A peroxidacéo lipidica é relatada como uma impaeetarausa do dano oxidativo as
membranas celulares, e que eventualmente levamriz welular (HORTON, 2003). Um
bom indicador da injaria oxidativa e um produtaafida peroxidacao lipidica € a formacao de
malondialdeido (MDA). Vérios estudos tém demonstrqde niveis elevados de MDA estao
associados a injuria a tecidos. As membranas ptasmméasao formadas por camadas de
moléculas lipidicas, com duplas ligacdes de acmi@xos insaturados altamente reativos
(ZATTA et al.,, 2002b). De fato, as membranas cedsasdo ricas em acidos graxos
poliinsaturados (PUFA) os quais sdo o alvo maigendivel ao ataque das EROs. O cérebro é
o alvo preferencial para os processos peroxidatilesdo a seu alto conteudo de acidos
graxos peroxidaveis (PATRICO & DELANTY, 2000).

Os organismos vivos tém um complexo sistema amt@mte, enzimatico e nao-
enzimatico que protege contra os efeitos deleté&issradicais livres (SODHI et al., 2008).
Os antioxidantes nao-enzimaticos sao geralmentéauldls pequenas, tais como ascorbato e
glutationa, que ocorrem em fases aquosas (fluittadgelular), enquanto os antioxidantes
lipofilicos (tocoferdis e carotendides) sdo ativess membranas celulares (NOCTOR &
FOYER, 1998; SMIRNOFF & WHEELER, 2000). Dentre o¢i@xidantes enzimaticos, estao
a superoxido dismutase (SOD; E.C. 1.15.1.1) quendgsnha um importante papel nos
mecanismos de defesa antioxidante das célulasaconéstresse oxidativo, convertendo o
anion superéxido a molécula menos reatiy®@+€ moléculas de oxigénio (PARIHAR et al.,
2008); além da catalase (CAT, E.C. 1.11.1.6) quené classica enzima, da familia das
oxirredutases, presente nos peroxissomos, que tert®, em HO (OSHINO et al., 1973).

A catalase tem uma importante funcdo protetoraraons efeitos toxicos dos peroxidos
gerados nos peroxissomos e 0s remove com gramignefa (SIRAKI et al., 2002).

Além disso, sabe-se que depdsitos de s@o neurotdxicosn vivo e podem estar
envolvidos na patogénese da AD (TSAI et al., 20B4)udos relatam que depdsitos conjuntos
de ferro e B sdo fontes significativas de EROs. Em adicdo,osanutros metais séo
encontrados associados com placas senis (BEAUCHEVHNSILEVSKY, 1998), como é o
caso do Al (FLATEN, 2001; ZATTA et al.,, 2002b) edmoinfluenciar o depdsito depA
(HOUSE et al., 2004) e seu potencial para catahstormacéo de EROs (BONDY et al.,
1998; YANG et al., 1999).
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3. RESULTADOS E DISCUSSAO

Os resultados e discussao deste trabalho sergeamdos em trés artigos cientificos e

dois manuscritos, distribuidos em cinco capitutosyo segue.

Capitulo I: Ativacdo da acetilcolinesterase e aumeata peroxidacao lipidica apds longo
periodo de exposicdo a baixos niveis de aluminiodéerentes regides encefalicas de
camundongos.

Artigo |I: Acetylcholinesterase activation and ended lipid peroxidation after long-

term exposure to low levels of aluminum on diffénemouse brain regions.

Capitulo 1I: O efeito do aluminio sobre a atividade NTPDase e 5'-nucleotidase em
sinaptossomas e plaquetas de ratos.
Artigo 1I: The effect of aluminium on NTPDase atidnucleotidase activities from rat

synaptosomes and platelets.

Capitulo lll: Efeito da exposicdo por um longo pdd ao aluminio sobre a atividade da
acetilcolinesterase no sistema nervoso centratré@tos.
Manuscrito |: Effect of long-term exposure to aloiam on the acetylcholinesterase

activity in the central nervous system and erythtes.

Capitulo IV: Alteracdes induzidas pela dieta naidéide da AChE ap0s longo periodo de
exposicao.

Artigo IlI: Diet-induced changes in AChE activiéijter long-term exposure.

Capitulo V: Efeito da exposi¢édo por um longo pesiad aluminio e dieta rica em gordura na
atividade da NTPDase e 5-nucleotidase em sinaptogs e plaquetas de ratos.
Manuscrito II: Effect of long-term exposure to mimium and high fat diet on

NTPDase and 5’-nucleotidase activities from synsgtoes and platelets of rats.
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CAPITULO |

ARTIGO I:

Acetylcholinesterase activation and enhanced lipiggeroxidation
after long-term exposure to low levels of aluminunon different

mouse brain regions

Rosilene R. Kaizer, Maisa C. Corréa, Rosélia M.ngpallo, Vera M. Morsch, Cintia M.
Mazzanti, Jamile F. Gongalves, Maria R.C. Schetinge

(Publicado na Revista Journal of Inorganic Biocisty, v. 99, pp. 1865-1870)
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Abstract

Aluminum (Al), oxidative stress and impaired cholinergic functions have all been related to Alzheimer’s disease (AD). The pres-
ent study evaluates the effect of aluminum on acetylcholinesterase (AChE) and lipid peroxidation in the mouse brain. Mice were
loaded by gavage with Al 0.1 mmol/kg/day 5 days per week during 12 weeks. The mice were divided into four groups: (1) control;
(2) 10 mg/mL of citrate solution; (3) 0.1 mmol/kg of Al solution; (4) 0.1 mmol/kg of Al plus 10 mg/mL of ctrate solution. AChE
activity was determined in the hippocampus, striatum, cortex, hypothalamus and cerebellum and lipid peroxidation was determined
in the hippocampus, striatum and cortex. An increase of AChE activity was observed in the fourth group (Al + Ci) 1n the hippo-
campus (36%), striatum (54%), cortex (44%) and hypothalamus (22%) (p < 0.01). The third group (Al) presented a decrease of AChE
activity in the hypothalamus (2064) and an enhancement in the striatum (27%). Lipid peroxidation, measured by TBARS (thiobar-
bituric acid reactive substances), was elevated in the hippocampus and cerebral cortex when compared with the control (p < 0.01).
The effect of aluminum on AChE activity may be due to a direct neurotoxic effect of the metal or perhaps a disarrangement of the

plasmatic membrane caused by increased lipid peroxidation.
@ 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Several factors augment the risk of AD. including
environmental factors, such as metals. However, the ex-
act role of metals in Alzheimer’s etiology remains un-
clear and controversial. Evidence that Al contributes
to AD remains contradictory, however, epidemiological
studies have indicated a link between increased Al con-
centration in potable water and AD [1.2] Similarly, a
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variety of human and animal studies have implicated
learning and memory deficits after Al exposure [3].
The precise molecular mechanism by which Al exerts
its neurotoxic effects is still not completely understood.
However, literature data suggest that Al interacts with
the cholinergic system, acting as a cholinotoxin [4].
The intensification of inflammations and the interfer-
ence with cholinergic projection functions may represent
the way by which Al contributes to pathological pro-
cesses in AD leading to learning and memory deficits [5].
In vitro and in vivo effects of’ Al on acetylcholinester-
ase (AChE; E.C. 3.1.1.7) activity have been described in
a large number of studies [4,6-17], yet results are contro-
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versial ard both activation and ichibibion of AChE
activity hawe been reported. In fact, these controversics
could be explained by the different methods and deses
of Al administratior, differences in the biological seme
ples assaved, diflering periods of exposure (long-term
and short-term) and by the metal speciation

The: hrain may be partienlarly solneshle o oxd ative
damage and 1t 18 knewn that one of the pathwea vs of nen-
ronal damage and death in AD 15 mediated by free rad-
weal imjury, mainly  because the bramm s rich in
peroxidizable futty newds (18] In respect to hipid peroxi
dation, Alis not & transition metal and decs not under-
o redes eactions o vive. However, worcased icactive
oxygen species have been repored during aluminum
exposure [19). In fad, Al might very well exert its toxic
effects by mlerfering with pathways involved in normal
iron metabolism end homeostasis [20.21 7, bung consd-
ered a pro-oxicant agent [22],

Besides the fact that aluminum is a cholinotoxin and
a pro-oxidant agent. 168 neurotoxie effects could be ex-
erted by edditional mechanisms such as the promotion
and accomulatior of inseluhke amdemd B oprotein, the
aggregation of hyperphosphorylated fau protem, dis-
ruption of celeium repulation and by interacting directly
with the genomie structure [21].

Yokel ond MeMomara (23] hove suzgested thot low
level long-term exposure to Al may be & coniribuling
factor in AD and rdated disordas. Based oo tlus
and on the Enewledze that in AD there ere allerations
in the cholinergic system and there 8 glso oxidative n-
Jury, we performed our experiment using a low oral
dose of Al by gavage during three months (60 admin-
istrations] and measuring both AChE activity and lipid
peroxication m different brain regions such as the kip-
pocempus, cercbral corlex, striatum,  hypothalaros
and cerebellum.

2. Materials and methods
2.1. Aminals

Adult male mice (Swisy albine), aged T8 weeks,
wrighing 30-45 g oblaingd from our breeding colony
wire wsed. Anmmals were maictamed on a L2002 hight)
dark  eyele, in an  airconditioned  temperature
{22 + 1°C) colony room, with free access to water and
commercial chow (Supra, Brazili. All the procedures
were approved by the Insttutional Commussion from
tke Fecderal University of Santa Mana and are in agree
ment witk the ntercational Council

2.2 Materials

Acctylthiocholine 1odide, 5.5'-dithis-bis2-mtroben-
zowc acil (DTNBY, sediun dedwybullaw (3D25) wal

onduldehyde (MODA), thiobarmtore acwd and trizma
bese were purchased rom Sigma Chemical Co (SL
Louis, MO). All cther reagents used in the experiments
were of the highest purity available,

2.3. Treatment

The animals were subjected o gavage for five consee-
utive days fellowed by two days of no treatment each
week, completmg a tetal of 60 adminstrations (12
weeks ), Gavage was performed using 2 syringe with a
modified steel point to intreduce the solution into the
mouse’s esophages without injuring the tissue. Mice
were divided into four groups: (1) control arimals, that
received only ultrapure water (n = 6); (2) ammals trea-
ted with 10 mgfk g of citrate solution (r = 6); (3) animals
treated with Al (L1 mmol/ke diduted n ulirapure water
{n—6); (4) amimels treated with Al 0.1 mmol'kg plas
HWimg/mL of citrote solutior (n=6). The total velume
of the solution per trentment per cuy by govage wos
approxmmately 40-50 pl.

The dose utiliead o this stucy (0.1 ol Alkg) was
considered low when compared with other studies using
oral Al administration [14-16,24-26). Citrate was used
because 1t increases Al absorption [27,28), probably by
erhancing Al solubility [22].

The animals were euthamized 24 b after the st dose
and the brains were dissected and collected immediately
in beakers and maintained on e (5°C).

2.4, ACKE woiivity wavay

The brain wes excised rapidly and the structures werd
solated [ Bippocmpus, stnatum, cerebellum, cortex and
hypothalamus ). The brain regions were then homoge-
nizec in a glass potter m the seme solution of 320 mM
sucrose, 0.1 mM EDTA, 5 mM Tris- HCL pH 7.5, at »
proportion of 1:10 (g/v).

ACHE activity wes determined according to Ellman
et al. [29), maedified by Rocha et al. [30] The resction
mixture (2wl final valime) was compoased af 100 mM
phosphate bufler pH (7.5}, 1 mM 5,5 -dithio-bis-2-nitro-
beneme nad ( DTH By, The method 15 based on the for
mation o & yellow  anmon,  4.4%-dithio-bis-acid
nitrobenzoie msasured by absorbance at 412 i dueing
34min mcubation at 23 %0, The enzyme (40-50 ug of
prowin} was pre-incubsted for 2 miv. The reaction was
initiated by adding 0.8 mM  acelylthiocholine iodide.
The enzyme adivity was expressed m pmoles AcsChy
h/mg of prowin.

2.5 Brain TBARX meaiuvemen!

Brain TBARS kevels were ddermmned by the method
described previously by Ohkawa et al [31] with a few



modifications [32] In short, the reaction miztvre con-
twingd 200 L of brom homogennles or  standard
IMDPA-matondaidelyde 005 mh ), 200 0l o §1% se-
divm dodeevisulfute (SDS), 750 pLoof acetic acid salu-
tnon (25 M HCL pH 35 anc 750 pL of (8% TBA.
Sicce sucrose nterferes mothe TBARS assey. a portion
af the brinn was weighed | homogenized at 3 propertbon
of 1 g of nssue to 10 mL of buffer Trg/HCL 10 mM pH
7.4 plus 10% af sodium dedeeybsulilnte (SDS) 1004 The
mistuees were heated al 257°C for 90w, Alta weobeifu-
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gation at 1700g for 5 min. the absorbunce was measured
at 5337 nm, TBARS tisswe levels were eipressed as nmol
MDA/ per mg of proteir.

2.6 Protein detemiination

Protein was megsured by the Coomasse blue metkod
aceording ta Hradiord (33 uwsang bovice serur alburin
s stendard.

2.5 Biatistical analyxiv

Drata were avalyeed by analysts of vieaoce (Ong-way
ANOVA ) followed by the Tukey-Kramer mukiple com-
parisons test. All analyses were performed using the
GraphPad InSut solwere.

1. Hesults

ACHE activity was modified by Al in the hippocam-
pus (p <2 0.01) and post hog comparisors by Tukey Kra-
mer's test revealed that the eneyme activity  was
significantly higher in the grovp that receivaed Al+C
{Fig. 1]. There were sirnlar results for ACHE activity
in the cercbral cortex (Figz. 2). In the stratum AChE
actvity wus enheneed in the presence of Al (p=20.01),

200
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Fig. 1. Effect af orel Al adminiscadon on AChE acivity in the
hiproampus of adult ras. Fach column represents mear £ 50
(=1 as poecenl ol wbol, ACKHE connol vabie was 3,28 =000
ad was capressal as ol AcSChy g of noteia, * Dilkacol o
the others when p < (001 (AMOVA - Tukey—Foramer's test),

Fig. 2, Efectolorel Al admimstraton on ACIE aetiviy in the corex
ob wdul: ratz. Each column represents mean =+ 500001 = 6) a5 pereent of
cantrol, AChE conirol value wes 5% £ LE and was expressed as pmol
AcSUh/himg of protan, * Different from the others when p < Q01
(AMODYA — Tukey-Koramer's test),
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Fg. 3. Eflec: ab oral Al sdmimstration on AUhE actwity in che
slriatur of adult rats. Bxch column represents mean £ 50 (2 = 6) as
peraent of conlrol. AUCAE contmel value was 17 1+ 37 and was
eapresssd as pmol AcSCEhymg of prowein.® Different from the others
when pe00] (AMOVA — Tukey-Kramer's est), ™ Different from Al
woorup when p - 0001 (AROYVA — Tubey-Faaao's Lo,

in ull Al groups. Post hoc companisons by Tukey—Bora-
mer's mulliple range test revealed that the Al and
Al + Ci groups presented a significant elevation of acet-
yltbiochaline hydrolysis m comparison o the control
and Ci gronps [Fig 31 In the Fypothalamnos, the effect
af Al on AChE depended on the presence of cilrate
(p <001y, Post bov compansons by Tukey-Kraomer's
test revedled that AChE acavity was significantly higher
m the Al-+Crgroup and significantly lower in the Al
group when compared o the control and Ci groups
zyme activity in the presence of Al (Fig. 3).

TBARS produstion was alterec in the hippocumpas
and pust log compaesons by Tukey-Krame's multiple
range test revealed thet the Ci, Al and AT+ Gl groups
were different from the cortrel group (Fig. 6A). In the
cortex the Ci, Al and Al + Ci zroups were different rom
the centrol group (p < 0.01) (Fig. 6B) In the sinztum
there was ne difference in TRARS production among
the groups (Fig. €00,
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Fig. 4, Efect of oral Al adminstration on AChE activity in the 200
hypothalamus of adult rals, Bach column represents mean + 50D i
{n =) as percent of contral, AChE control value was 4.53 = 0.2 and a
was expressed as ymol AcSChfhime of protein. The activity was kia B T uae
expressed as pmol AcSCh/h/me of protein. * Different from the others E it
when p<0,01 (ANOVA — Tukey-Kramer's test), * Different from Al £ - o
group when p< 0,00 (ANOVA — Tukey-Kramer's test), ; oy = T o m
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Fig. 5. Bfiict of ol Al adiniustration on ACHE activily In e = 2
cerehellam of adult rats, Each column represents mean + 5D (n = &)
as percent of control. AChE control value was 4.08 +1.01 and was
expressed as pmol AcSCh/hfmg of protein. e "

4. Discission

The data obtained showed that the administration of
Al by gavage using this low dose caused activation of
ACHE activity mainly when associated with citrate
{10 mg/kg) in the hippocampus, cortex and striatum.
The results were not homogenous i the Al group (ani-
mals that received only Al) for the different cerebral
structures studied. An elevation was observed in AChE
activity in the stnatum, a reduction in the hypothala-
mus and no alterations in the hippocampus, cortex
and cerebellum. Perhaps, the different results showing
both potentiating and inhibitive effects of Al on the cho-
lmerge system are simply a reflection of the known bi-
phasic effects of Al [3M] Apother important aspect is
that the hippocampus and cortex, which both receve
cholinergic projections from the nucleus basalis of
Meynert, presented similar results in the Al + Ci group.
On the other hand, the striatum, which has an intrinsic
cholinergic circuit, presented elevation in AChE activity

Fig. 6. Effect of oral Al admimstration on THARS production in the
hippocampusi A), cortex { B) and stnatum ( C). Each column represents
mean = 50 (n = f) as percent of control, The control values were
24332300, 186+ 30 and 43.3 = 96 for the hippocampus, cortex
and striatom, respectively, The TRARS product was expressed asnmaol
MDASper mg of protein, “Different from the others when p < 001
(ANOVA — Tukey-Kramer's test), *Different from Al group when
001 (ANOVA - Tukey-Kramer's test).

in afl Al groups. The results indicate that the effect of Al
s not homogeneous m cerebral structures and that the
addinon of citrate always makes AChE activation more
prominent. Currently, the influence of the blood brain
barrier { BBB) on the pathophysiology of some neurode-
generative diseases are being discussed [350, In fact, the
pattern of brain regional sensitivity to neurotoxicants
can be, m part, explamed by the differences m the brain
barrier mechanisms to metals [35] like Al In this con-
ext, astrocyiic foot processes are important o seques-
ter toxic metals that have escaped the endothelial
barrier,

Lipid peroxidation is an important cause of neuro-
nal damage, as in ischaemic mpuries, neurotrauma and
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neurodegenerative disorders, such as Parkinson’s and
AD [36] The present experiments demonstrate that
Al enhanced hpid peroxides, as measured by TBARS
formation, mainly in the cortex and hippocampus. A
major consequence of enhanced lipid peroxidation is
the oxidative deterioration of cellular membranes.
Kumar [37] reported that increased Al concentration
and an increased lipid peroxidation rate could affect
the neurons, leading to the depletion of AChE [38)
However, here we observed that AChE was always in-
creased, regardless of the increase in TBARS levels in
brain structures. In another report [12], it was shown
that long-term Al feeding altered kinetic properties of
cholinesterases, presenting a reduction in the Ve, of
brain AChE i the soluble as well as membrane-
bound fraction. In our experiments, we observed
mainly the activation of AChE activity after a long-
term exposure with a low Al oral dose. We believe
that alterations in the lipid membrane could be a
decisive factor in changing the conformational state
of the AChE molecule. However, another explanation
could be possible as reported by Gulya et al. [4], sug-
gesting that increased AChE activity following Al
exposure was due to the allosteric interaction between
the cation and the peripheric anionic site of the
Cnzyme.

Taken together, the results of TBARS indicate that
Al and Al + Cican induce oxidative stress in some spe-
cific brain regions. TBARS clevation after exposure to
Al has also been reported by others [14,21,24] In fact,
Al, a non-redox-active metal 15 a pro-oxidant both
in vivo and in vitro [22] Al might exert its toxic effects
by using mechanisms which control iron homeostasis,
for example, using transport proteins such as transferrin
[39]. In the brain, the choroid plexus and the oligoden-
drocytes are the only locations capable of producing
transferrin [35] These cells may very well be a metabolic
target of Al, tnggering an inability to down-regulate
transferrin receptor expression and translation. In fact,
even a small increase in Al in specific brain regions
may be a simulus for alterations in brain iron homeo-
stasis [39), normally increasing Fe content, and thus
contributing to neurodegenerative diseases. Taken to-
gether, this could explain the differences in lipid peroxi-
dation 1n the distinet brain regions observed in this
study.

In conclusion, it was observed that mainly Al + Cial-
tered ACHE activity and enhanced lipid peroxidation,
probably affecting the integrity and functionality of the
cholinergic system. This shows that chronically ingested
Al may be a neurotoxicant even at low doses and that
the presence of citrate may exacerbate it.

Consequently, as cited by us previously [23], in order
to more accurately predict the extent of human exposure
to aluminum, it would be desirable to consider the level
of citrate ingestion, mainly when ingested chronically.
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Abstract

Aluminium (Al), a neurotoxic compound, has been investigated in a large number of studies both in vive and in virro. In this sudy, we
investigated the effect in vivo of long-temm exposure to Al on NTPDase (nucleoside triphosphate diphosphohydrolase) and 5'-nucleotidase
activities in the synaptosomes (obtained from the cerebral cortex and hippocampus) and platelets of rats. Here, we investigated a possible role of
platelets as peripheral markers in rats. Rats were loaded by gavage with AICL: 50 mg/(kg day). 5 days per week, totalizing 60 administrations. The
animals were divided into four groups: (1) control (C), (2) 30 mg'kg of citrate solution (Ci), (33 50 mgfkg of Al plus citrate (Al + Ci) solution and
(4) 50 mg/kg of Al (Al). ATP hydmlysis was increased in the synaptosomes from the cerebral cortex by 42.9% for Al + Ciand 39.39% for Al, when
compared to their respective control { p < 0.05). ADP hydrol ysis was increased by 13.15% for both Al and Al + Ci, and AMP hydrolysis increased
by 32.79% for Al and 27.25% for Al + Ci ( p < 0.05). In hippocampal synaptosomes, the hydrolysis of ATP, ADP and AMP, was increased by
58.5%, 28.5% and 25.92%, respectively, for Al (p < 0.05) and 36.7%, 22.5% and 37.64% for Al + Ci, both when compared to their respective
controls. ATP, ADP and AMP hydrolysis, in platelets, was increased by 172.3%, 188.52% and 92.1 %, respectively in Al + Ci, and 317.9%, 342 8%
and 177 .9%. respectively, for Al, when compared to their respective controls (p < (0.05). Together, these results indicate that Al increases
NTPDase and 5-nucleotidase activities, in synaptosomal fractions and platelets. Thus, we suggest that platelets could be sensitive peripheral
markers of Al toxicity of the central nervous sysiem.

i 2007 ISDM. Published by Elsevier Lid. All rights reserved.

Keywords: Aluminium; NTPDuase: 5'-Nucleotidase: Synaptosomes; Cerebral cortex; Hippocampus; Platelets

1. Introduction

Aluminium (Al) is the most abundant metal on earth;
however, no connection with a useful biological function has
been demonstrated. The recognition of aluminium as a
neurotoxic agent has been proposed, showing that the metal
may play a role in the etiology of Alzheimer’s disease (AD)
(Crapper et al., 1973; Xu et al., 1992), being co-related with

* Corresponding author at: Departamento de Quimica. Centro de Ciéncias
Naturais ¢ Exatas, Universidade Federal de Santa Maria, Campus Universitirio,
Camaobi, 97105-900 Santa Maria, RS, Brazil. Fax: +55 55 3220 8978,
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IM.R.C. Schetinger).

0736-5748/530,00 0 2007 ISDN. Published by Elevier Ld. All nghts reserved,
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alterations with the cholinergie system (Kaizer et al., 2005;
Zaltta et al., 2002).

Enhanced aluminium levels have been detected in brain
areas of patients with senile plagues and neurofibrillary tangles,
both of which are characteristic of AD. The hippocampus and
cortex are considered AD vulnerable regions because they
accurmnulate B-amyloid (AB)Y in mice and humans (Caccamo
et al.. 2005 ). The molecular mechanism of Al neurotoxicity has
not been completely elucidated. Therefore, research about the
cellular mechanisms of aluminium neurotoxicity 1s extremely
important to elucidate the nisk of specific occupational and
environmental exposure (Silva et al., 2002}.

Al may influence the permeability of the blood brain barrier
(BBB) and alter the flux of molecules and ions inside and
outside of the brain (Banks et al., 1988). It is known that
homeostatic mechanisms help to maintain Ca®* at low
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concentrations and it is of great importance for normal neuronal
function. Evidence suggests that Al may interact with Ca®™*
binding sites and disrupt intraneuronal Ca™ homeostasis (Julka
and Gill, 1996). In most of the neurodegenerative diseases, in
which Al has been implicated, an excess of Ca®* has been
reported together with high Al levels (Garruto et al., 1984).

Moreover, aluminium can be responsible for initiating
neurotoxic effects, by producing changes in the structure and
function of the plasma membrane. In experimental conditions,
the in vitro incubation of synaptosomes with AICl; at
micromolar concentrations, led to increased synaptosomal
membrane rigidity, especially in the hydrophilic regions (Silva
etal., 2002). A similar net Ruidification e ffect in response to Al
exposure was observed in plaielets (WVan Rensburg et al., 1992).

The platelet model has been used in the investigation of a
number of neurodegenerative disorders, such as Alzheimer’s
disease (Ferrarese et al., 2000). Thus, it is important to evaluate
the potential toxic effects of compounds using platelets as a
model of the synaptic apparatus (Borges et al., 2004), as could be
the case for Al exposure, Inaddition, plateletsexpress a variety of
cell surfacereceptors, many of which are similarin both structure
and binding to their neuronal counterparts (Hourani and Cusak,
1991). The similarities between platelets and neurons may be
clinically important, as a number of biochemical markers show
parallel changesin the CNS and in platelets during disease states
{Odagaki and Koyama, 2002: Rainesalo et al., 2003).

ATP has been defined as a fast excitatory meurotransmitter
inducing some specific cellular responses (Abbracchio and
Burnstock, 1998: Edwards and Gibb, 1993) and is considered to
be one of the most important neurotransmitters in the purinergic
system (Fredholm, 1995). Extracellular ATP is involved in a
large variety of physiological and pathological functions, such
as neurotransmission and neuromodulation, both in the central
and peripheral nervous system (Zimmermann, 1999} Acet-
vlcholine and ATP are co-released, where ATP acts as a co-
transmitter or a4 modulator of the cholinergic transmission,
through a dual opposite modulation, acting on facilitatory P2X
or inhibitory P2Y receptors (Dahm et al., 2006; Cunha and
Ribeiro, 2000). Signaling through P2 is terminated by
hydrolysis of ATP by ectonucleotidases (Zimmermann, 1996).

Studies have reported that the family of ectonucleotidases
such as NTPDase (nucleoside triphosphate diphosphoh ydro-
lases, apyrase, ATP diphosphohydrolase, E.C. 3.6.1.5) and 5"
nucleotidase (E.C. 3.1.3.5) participate in controlling extra-
cellular ATP levels in the synaptic cleft and also controlling
purinergic neuromodulation and neurotransmission (Zimmer-
mann, 2001). NTPDase hydrolyzes the extracellular nucleoside
tri and diphosphate in the presence of Ca™ or Mg™, as it is
activated by these cations (Zimmermann et al., 1998).
Nucleotide hydrolysis may be impaired by Al probably
because it interferes in the homeostasis of divalent cations
(Schetinger et al., 1995; Moretto et al., 2004).

Many studies have reported NTPDase activity in synapto-
somes obtained from the hippocampus and cerebral cortex of
rats (Battastini et al., 1991; Muller et al.,, 1993), such as in
platelets (Pilla et al., 1996). In fact, Schetinger et al. (1995)
showed a significant inhibition of NTPDase activity by Al in

vitro, observing a competitive inhibition with the divalent
cation Ca™. However, the in vivo effect of Al on NTPDase and
S'-nucleotidase, after a long-term exposure, have never been
reported. Thus, the aim of the present study was to determine
whether this treatment could affect these activities and also
compare the results obtained in the central nervous system
(CNS) with those obtained with platelets, as a peripheral
marker.

2. Experimental procedures
2.0, Arimals

Adult male Wistar rats, aged 7-8 weeks, weig hing 200300 g obtained from
aurhreeding colony were used. Animals were maintained on 212:12 light/dark
cycle, in an arconditioned temperature (22 + 1 °C) colony room, with free
access to water and commercial chow (Supra, Brazil). All animal procedures
were approved by the Institutional Ethical Committee of the Federal University
of Santa Maria (Protocol number Z3/2006),

2.2 Materials

Nucleotides, Trizma Base and Percoll were purchased from Sigma Che-
mical Co. (5t Louis, MO USA). All others reagents used in the experiments
were of analytical grade and of the highest purity.

2.3, Treatment

Aluminium was administered by gavage for 5 consecutive days followed by
2 days of no treatment each week, completing a total of 60 administrations per
animal. The time of exposition to Al was determined in accordance with
previous work in our laboratory (Missel et al,, 2005; Kaizer et al., 2005). The
dose of 50 mghkg was selected following the literature (Julka and Gill, 1996:
Sifva et al.. 2002; El-Demerdash, 2004 ).

Gavage was performed using a syringe with a modified steel point to
introduce the solution into the rat's esophagus without injuring the tissue. The
volume ad ministered by gavage was relaved with the weigh of the animal, and it
was around 400 pl., Rats were divided into four groups: (1) control. that
received only ultrapure water (n= 7); (2) animals treated with 30 mafkg of
sodivm citrate solutbon (m = Ty (3) animals treated with AICK 50 mg/kg plug
50 mghg of sodium citrate solution, (n =7): (4) animals treated with AICI;
50 mgheg diluted in ultra pure water, (m = 7). The animals were euthanized 24 h
after the last dose and the brains were dissected and collected immediately in
beakers and maintained on ice (5 °C). The sodium citrate was used to increase
the aluminium absorption (S chetinger etal.. 1999 Vieiraet al.. 2000). probably
by enhancing Al solubility (Exley. 2004). In fact. in this treatment we combined
Al plus citrate, because human being 15 normally exposed to both 1nwater and
foods (Yokel and McNamara, 2001 ; Silva et al., 2002).

2.4, Synapiosome puepanarion

Synaptosomes were isolated essentially as described by Nagy and Delgado-
Escueta (1984) using a discontinuous Percoll gradient. The cerebral cortex and
hippocampus were gently homogenized in 10 volumes of an ice-cold medium
(medium [) containing 320 mM sucrose, (1.1 mM EDTA and 5 mM HEPES. pH
1.5, in a motor driven Teflon-glass homogenizer and then centrifuged at
1000 = g for 10 min. An aliquot of 0.5 mL of the crude mitochondrial pellet
was mixed with 40mlL of an 85% Percoll solution and layered into an
isosmotic discontinous Percollfsucrose gradient ( 10%716% ). The synaptosomes
that banded at the 10/16% Percoll interface were collected with a wide-tip
disposable plastic transfer pipette. The synaptosomal fraction was washed twice
with an isosmotic solution consisting of 320 mM suerose, 5.0 mM HEPES, pH
7.5, and 0.1 mM EDTA by centrifugation at 15,000 = g w0 remove the con-
taminating Percoll. The pellet of the second centrifugation was resuspended in
an isesmaotic solution to a final protein concentration of 0.5-0.8 mg/ml..
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Synaptosomes were prepared fresh daily and maintained at 0-47 throughout the
procedure and used for NTPDase and 5'-nucleotidase assays.

2.5, Platelet-rich plasma preparation

The platelets were prepared by the method of Pillaetal. (1996), modified by
Lunkes et al. (2004). Total blood was collected by cardiac puncture and placed
into a flask with 129 mM sodium citrate as anticoagulant. The total blood
citrate system was centrifuged at 160 = g for 40 min to remaove residual blood
cells. The platelet-rich plasma (PRP) was centrifuged at 1400 = g for 20 min
and washed twice by centrifugation at 1400 = g with 3.5 mM HEPES isosmolar
buffer containing 142 mM NaCl, Z5mM KCL and 5.5 mM glucose. The
washed platelets were resuspended in HEPES isosmaolar buffer and adjusted
to 0.4-0.45 mg of protein per milliliter.

2.6. LDH

The integrity of the synaptosome and platelet preparations was confirmed by
determining the lactate dehydrogenase (LDH) activity which were obtained
after synaptosome and platelet lysis with 0.1% Triton X- 100 and comparing it
with that of an intact preparation, using the Labtest kit (Labtest, Lagoa Santa,
MG, Brasil).

2.7, Assay of NTPDase and 5'-nucleotidase activities

In synaptosomal fractions NTPDase activity was determined in a reaction
medium containing 5 mM KCL 1.5 mM CaCl;, 0.1 mM EDTA, 10 mM glu-
cose, 225 mM sucrose and 45 mM Tris=HCI buffer, pH 8.0, in a final volume of
200 pL. as described in a previous study from our laboratory (Schetinger et al.,
2000). Twenty microliters of the enzyme preparation (8-10 pg of protein) were
added to the reaction mixture and pre-incubated for 10 min at 37°C. The
reaction was initiated by the addition of ATP or ADP to a final concentration of
LOmM and proceeded for 20 min. The activity of 5 -nucleotidase was deter-
mined in a reaction medium containing 10 mM MgS0O, in 100 mM Tris-HCI
buffer, pH 7.5, at a final volume of 200 pL. as described by Heymann et al.
(1984). The reaction was initiated by the addition of AMP to a final concentra-
tion of 2.0 mM and proceeded for 20 min.

In platelets, the determination of ectonucleotidase activities was carried out
using the PRP preparation according to Pillaet al. (1996). Briefly, to determine
the apyrase activity, 20 pL. of the PRP preparation (8-10 pg of protein) was
added to the system mixture, which contained 5 mM CaCl, 100mM NaCl,
S mMEKCL 6 mM glicose and 50 mM tris—-HCI buffer, pH 7.4, The reaction was,
started by the addition of 20 pL of ATP or ADP (1 mM final concentration)) as
substrates. For AMP hydrolysis, the 5 -nucleotidase activity was carried out as
described above, except that the 5 mM CaCly was replaced by 10 mM MgClL
and the nucleotide final concentration added was 2 mM AMP (Pilla et al., 1996).
For both synaptosomes and platelets, 20 pL of the enzyme preparation (8
10 pg of protein) was added to the reaction mixture and pre-incubated for
10 min at 37 °C.

Both the reactions were stopped by the addition of 200 pL of 10%
trichloroacetic acid (TCA) to provide a final concentration of 5%. After chilling
an ice for 10 min, 100 pL samples were taken for assay of released inorganic
phosphate (Pi) by the method of Chan et al. { 1986). using malachite green as the
colorimetric reagent and KH,PO, as standard. Controls were carried out by
adding the synaptosomal fraction after TCA addition to correct for non-
enzymatic nucleotide hydrolysis. All samples were mun in triplicate. Enzyme
activities are reported as nmol Pi released/{min mg) of protein.

2.8 Protein determination

Protein was measured by the Coomassie Blue method according to Bradford
(1976) using bovine serum albumin as standard,

2.9, Statistical analysis

Datawere analyzed by analysis of variance (one-way ANOVA) followed by
the Duncan multiple range test. and p < 0.05 was considered to represent a

significant difference in the analysis. All data were expressed as mean = S.D.
All analyses were performed using the Statistica version 6.0 software.

3. Results

NTPDase and 5'-nucleotidase activities from synaptosomes
and platelets were modified by aluminium treatment. In the
hydrolysis of ATP in synaptosomes of the cerebral cortex, the
Al group presented an increase of 39.9% and 18.7% when
compared to the control and citrate group, respectively
(p < 0.05) (Fig. 1A). The Al+Ci group was increased to
42.9% and 21.4% in comparison with the control and citrate
group, respectively, and there was no difference observed
between the Al+ Ci and Al groups (p < 0.05) (Fig. 1A). ADP
hydrolysis in synaptosomes of the cerebral cortex presented an
increase of 13.1% in the Al group and of 13.15% in the Al + Ci
group when compared to the control (Fig. 1B). 5'-Nucleotidase
activity in synaptosomes of the cerebral cortex was signifi-
cantly higher in the Al and Al + Ci groups (32.7% and 27.25%,
respectively), when compared to the control (p < 0.05)
(Fig. 1C).

In hippocampal synaptosomes, ATP hydrolysis was sig-
nificantly higher in the Al group to 58.5%, in the Al + Ci group
to 36.7%, when compared to the control (p < 0.05) (Fig. 1D).
ADP hydrolysis was significantly enhanced in the Al group to
28.5%, and in the Al + Ci group to 22.5% when compared to the
control ( p < 0.05) (Fig. 1E). The 5-nucleotidase activity was
enhanced only in the Al group to 25.92% and 37.64% in
comparison with control and citrate groups. (p < 0.05)
(Fig. 1F).

The results for platelet ATP, ADP and AMP hydrolysis were
similar. There was a significant increase in the groups that
received Al plus citrate and Al (p < 0.05). ATP hydrolysis was
significantly increased in the Al group to 317.93%, and in the
Al + Ci to 172.3% when compared to the control (p < 0.05)
(Fig. 1G). ADP hydrolysis presented an increase in the Al group
of 342.82% and in the Al+Ci group of 188.25% when
compared to the control { p < 0.05) (Fig. 1H). 5'-Nucleotidase
activity was increased in the Al group to 177.9% and in the
Al+Ci group to 92.1% when compared t the control
(p < 0.05) (Fig. 11).

The measurement of LDH indicated that at least 90% of the
synaptosomes and 95% of the platelets remained intact after
incubation at 37 "C (data not shown).

4. Discussion

Aluminium has been greatly swdied, however, its in vive
effect on NTPDase and 5'-nucleotidase activities still remains
unknown. In the present study, we intended to compare the
effect of aluminium on NTPDase and 5'-nucleotidase activities
in synaptosomal fractions of the hippocampus and cerebral
cortex and in platelets of rats. Thus, we intend to compare the
activities of such enzymes in different subcellular fractions,
either in the central or peripheral system. Blood cells such as
platelets and/or lymphocytes are ideally suited for monitoring a
chemical’s neurotoxic effects due to number of functions
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Fig. 1. ATP (A}, ADP (B} and AMP (C) hydrolysis in synaptosomes of the cerebral cortex, ATP (D), ADP (E) and AMP (F) hydrolysis in synaptosomes of the
hippocampus and ATP (G), A DP (H) and AMP (1) hydrolysis in platel ets. *Different from the group control ( p < 0.05). " "Different from the control and citrate groups
{ p < 0.05). In platelets results, the columns not sharing the same letters are statistically different from the others { p < 0.05). Each column represents mean = 5.1,

with #="T7, (ANOVA, Duncan’s test).

similar to those of CNS neurons. In addition, several stdies
have used peripheral cells as models of nerve endings because
they contain and release neurotransmitters and have receptors
for neurotransmitters on their surface (Ferrarese et al., 2000;
Borges et al., 2004; Odagaki and Koyama, 2002; Rainesalo
et al.,, 2003; Chakrabarti et al., 1998).

It is known that the Al can interact with plasma membrane
lipids affecting the structure and function of several proteins
(Julka and Gill, 1996). We suggest that these membrane
alterations can affect the activity of membrane-associated
enzymes, such as NTPDase and 5"-nucleotidase.

Moreover, another question to be considered is the effect of
Al on the intraneuronal Ca®* homeostasis mechanism. Indeed,
in most of the neurodegenerative diseases in which Al has been
implicated. a Ca’" excess along with Al has been reported (Shi
et al., 1993). High concentrations of Al and Ca®* in the CNS
tissue play a critical role in neurodegeneration, producing
neurofibrillary tangles and inducing cell death. Homeostatic
mechanisms maintain [Ca?']-l at low concentrations and are a
prerequisite for normal neuronal functioning (Julka and Gill,
1996). Thus, as NTPDase and 5'-nucleotidase enzymes are
activated by Ca*® or Mg™* cations, any alteration in the
availability of ions affects the activities of these enzymes.
Schetinger et al. (1995), observed a competitive inhibition
between aluminium and calcium, suggesting that the alumi-
nium ion forms complexes with ATP and ADP, since these
complexes are not hydrolyzed by nucleotidases.

The present data, obtained in this study, clearly indicate that
Al treatment resulted in a significant elevation of the hydrolysis
of the adenine nucleotides (ATP, ADP and AMP). Besides the
fact that citrate was used to enhance Al absomtion, we did not
observe dilferences between the results of the Al and Al + Ci
groups. NTPDase and 5 -nucleotidase activitiesin platelets and
synaptosomes play a pivotal role in ATP, ADP and AMP
hydrolysis in these different tissues preparations (Lunkes et al.,
2004). The increase in NTFDase and 5"-nucleotidase activities
could be related to a compensatory response (o the enhanced
concentration of the intraneuronal Ca™, caused by the inter-
ference of aluminium in the ion homeostasis. This increase,
also observed in NTPDase and 5 -nucleotidase activities in
synaptosomal fractions of the cerebral cortex and hippocampus,
demonstrates a similar cellular response in synaptosomes
(CNS) and platelets, although their respective specific activities
are very different. In fact, symaptosomal ectonucleotidases,
which are related with neurotransmission, have higher activity
than platelet ectonucleotidases, which are related with aggre-
gation processes. Besides this, the similar patterns of changes
leads us to infer that platelets could be a peripheral marker of
alteration in central NTPDase and 5"-nucleotidase activities in
animals exposed to Al

In contrast to the inhibition found by Schetinger et al.
(1995), using Al in virro, in the present study using Al in vivo,
an increase of NTPDase and 5'-nucleotidase activities was
observed. This fact may be due to the long-term exposure o
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aluminium, which could interact with the homeostasis
mechanism of Ca®*, therefore, increasing Ca®* levels, which
would facilitate the formation of nucleotide—cation complexes.

One of the major consequences of increased Ca™ levels,
after Al long-term exposure, is the enhanced producton of free
radicals, which can have detrimental effects on the integrity of
cellular membranes in terms of lipid peroxidation (Julka and
Gill, 1996}, Perhaps, these alterations in the membrane fluidity.
can affect the conformaton of the enzyme, facilitating the
formation of the enzyme-substrate (ES) complexes.

Inconclusion, this study showed an enhanced NTPDase and
5"-nucleotidase activities both in synaptosomal fractions and
platelets. Thus, these results lead us to consider that platelets
can be an excellent peripheral marker of the toxicity of Alin the
CNS.
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Abstract

Aluminum (Al), a neurotoxic agent, has been asdediavith Alzheimer’'s disease
(AD), which is characterized by cholinergic dysftion in the central nervous system. In this
study, we evaluated the effect of long-term exp@dor aluminium on acetylcholinesterase
(AChE) activity in the central nervous system iffedent brain regions, in synaptosomes of
the cerebral cortex and in erythrocyte. The animase loaded by gavage with AKCH0
mg/kg/day, 5 days per week, totalizing 60 admiaigtins. Rats were divided into four
groups: (1) control (C); (2) 50 mg/kg of citratdugmn (Ci); (3) 50 mg/kg of Al plus citrate
(AI+Ci), and (4) 50 mg/kg of Al (Al). AChE activityn striatum was increased by 15% for Ci,
19% for AI+Ci and 30% for Al, when compared to qoht(p<0.05). The activity in
hypothalamus increased 23% for Ci, 26% for Al+Cd &8% for Al, when compared to
control (p<0.05). AChE activity in cerebellum, hggampus and cortex was decreased by
11%, 23%, and 21%, respectively, for Al, when coradato their respective controls
(p<0.05). AChE activity in synaptosomes was incedaly 14% for Al, when compared to
control (p<0.05). Erythrocyte AChE activity was iieased by 17% for Al+Ci and 11% for
Al, when compared to control (p<0.05). These resuldicate that Al affects at the same way
AChE activity in the central nervous system andhencyte. AChE activity in erythrocytes

may be considered a marker of easy access of tteateholinergic status.

Keywords: Aluminium, Acetylcholinesterase (AChE), IzAheimer's Disease (AD),

synaptosomes, erythrocyte.
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Introduction

Metals occur naturally in the environment, but sirtbe industrial revolution the
distribution and availability of metals to biologicsystems have increased significantly [1].
Aluminium (Al) is one ofthe mostabundant metal on earth; however, no connectidh svi
useful biological function has been demonstratgdifZan be found in many kinds of food
and medicines, such as antiacid, buffering aspians antidiarrhetic [3]. In fact, evidence
has shown that abnormally high Al levels are linkedmportant human pathologies, such as
dialysis dementia, iron-adequate microcytic anenosteomalacia, and neurodegenerative
diseases [4, 5].

The recognition of aluminium as a neurotoxic agead been proposed, showing that
the metal may play a role in the etiology of Alaher's Disease (AD) [6]. Al has been
detected in both senile plaques and neurofibrilkarygle bearing neurons of patients with
Alzheimer’s disease (AD) [7], and is abundant igioes enriched for cholinergic synapses
[8]. In AD the principal neurochemical abnormalisythe alteration of the cholinergic system
in the central nervous system (CNS) [9, 10].

Acetylcholinesterase (AChE, E.C. 3.1.1.7) is anangnt regulatory enzyme, which
rapidly hydrolyses the neurotransmitter acetylai®l(ACh) found mainly in the brain,
muscles, erythrocytes, and cholinergic neurons 11, AChE activity is sensitive to
exogenous factors, including diets [13] and thes@nee of metal such as Al [9,10]. Literature
data suggest that Al interacts with the cholinegyistem, acting as a cholinotoxin [14]. Its
neurotoxic effects could be exerted by additiongchanisms, such as the promotion and
accumulation of insoluble amylofél protein [15]. Besides, intense AChE activity appda
the neuritic plaques and neurofibrillary tangle§][JAlterations on the cholinergic activity are
a key event in the neurochemistry of AD [17]. Thésea distinct difference in AChE

distribution in the cerebral cortex on histocherhistudies between control subjects and
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Alzheimer patients [16]. In fact, recent works afr@roup have investigated the effect of
exogenous factors on AChE activity, such as di€3$, [inhibitors [12], demyelinating model
[18, 19], and the toxicity of metal, such as AlJ10

Moreover, AChE is expressed not only in the cent@ivous system (CNS) and
peripheral nervous system (PNS), but it is alssdban the surface of various blood cells. It
is important to highlight that the AChE is a markezyme of the cholinergic activity [20]. It
is also known that AD affects the cholinergic sgstend is reported as a systemic disorder
that affects various tissues in the body [17].

In a previous work [10], we observed an increasA@hE activity of different mouse
brain regions after exposure to low levels of aliomn. Thus, the aim of the present study
was to determine whether a high dose (50 mg/k@lahinium administered by the same
method (gavage) and the same time of expositiorldcatfect the cholinergic system.
Moreover, we aimed to compare the results obtaiméle first supernatant with that obtained

on synaptosomes and erythrocytes.

Experimental Procedures
Animals

Adult male Wistar rats, aged 7-8 weeks, weighin@-200 g obtained from our
breeding colony were used. Animals were maintaimea 12:12 light/ dark cycle, in an air-
conditioned temperature (22+1°C) colony room, wirde access to water and commercial
chow (Supra, Brazil). All animal procedures werepraped by the Institutional Ethical

Committee of the Federal University of Santa Mé@Aeotocol number 23/2006).



60

Materials
Nucleotides, Trizma Base, Percoll, acetylthioch®limdide, and 5,5'-dithio-bis-2-
nitrobenzoic acid (DTNB) were purchased from Sig@temical Co (St Louis, MO, USA).

All other reagents used in the experiments wemnafytical grade and of the highest purity.

Treatment

Aluminium was administered by gavage for five cangiwe days followed by two
days of no treatment each week, completing a wft&0 administrations each animal [21].
Gavage was performed using a syringe with a matlgteel point to introduce the solution
into the rat's esophagus without injuring the tessRats were divided into four groups: (1)
control, which received only ultrapure water (n={@) animals treated with 50 mg/kg of
citrate solution (n=7); (3) animals treated withCAl 50 mg/kg plus 50 mg/kg of citrate
solution, (n=7); (4) animals treated with A}(G30 mg/kg diluted in ultra pure water, (n=7).
The animals were euthanized 24h after the last @osk the brains were dissected and
collected immediately in beakers and maintainediaa (5°C). The citrate was used to

increase the aluminum absorption [22], probablgblgancing Al solubility [23].

Brain Tissue Preparation

The brain was excised rapidly and the structuresrewisolated (striatum,
hypothalamus, cerebellum, hippocampus, and coriEx¢. brain regions were placed in a
solution of 320 mM sucrose, 0.1 mM EDTA, 5 mM THE&I, pH 7.5 (medium 1), at 4°C and
weighed. Then, tissues were homogenized in 10 veduof Medium | in a motor-driven
Teflon-glass homogenizer (15 strokes at 1000 rpma) @ntrifuged by 10 min at 1000 x g.

The supernatant was collected and used in the AGkRy.
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Synaptosome Preparation

Synaptosomes were isolated essentially as dedchipeNagy and Delgado-Escueta
(1984) [24] using a discontinuous Percoll gradiemhe cerebral cortex were gently
homogenized in 10 volumes of an ice-cold mediumdoma I) containing 0.32 M sucrose,
0.1 mM EDTA and 5mM HEPES, pH 7.5, in a motor dniveeflon-glass homogenizer and
then centrifuged at 1000 x g for 10 min. An aliqudét0.5 mL of the crude mitochondrial
pellet was mixed with 4.0 mL of an 8.5% Percollusimn and layered into an isosmotic
discontinuous Percoll/sucrose gradient (10%/16%je Bynaptosomes that banded at the
10/16% Percoll interface were collected with a wiigedisposable plastic transfer pipette.
The synaptosomal fraction was washed twice witlsasmotic solution consisting of 0.32 M
sucrose, 5.0 mM HEPES, pH 7.5, and 0.1mM EDTA byrdeigation at 15.000 g to remove
the contaminating Percoll. The pellet of the secordtrifugation was resuspended in an
isosmotic solution to a final protein concentratioh0.5-0.8 mg/mL. Synaptosomes were
prepared fresh daily and maintained at 0-4°C tHmougthe procedure and used for AChE

assay.

Acetylcholinesterase assay for brain

AChE activity was assayed in the supernatant ohdgenate of the different brain
regions (S1) (striatum, hypothalamus, cerebellunppdtampus, and cortex) and in
synaptosomal fraction of cerebral cortex. AChE watermined according to Ellman et al.
(1961) [25], modified by Rocha et al. (1993) [2Bhe reaction mixture (2 mL final volume)
was composed of 100 mM phosphate buffer pH 7.5ML5y%’-dithio-bis-2-nitrobenzoic acid
(DTNB). The method is based on the formation oflowl anion, 4,4’-dithio-bis-2-
nitrobenzoic measured by absorbance at 412 nmgl@rmin at 25°C. The enzyme (40-50 pg

of protein) was pre-incubated for 2 min. The reactiwas initiated by adding 0.8 mM
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acetylthiocholine iodide. The enzyme activity wagpressed in pmoles AcSCh/h/mg of

protein.

Sample of blood collection
The blood was collected in vaccuntainer tubes u&ibJ A as anticoagulant. The
samples were hemolized with phosphate buffer, gH@ntaining Triton X -100 (0.03%) and

appropriate storage.

Determination of Erythrocyte AChE

Erythrocyte AChE activity was determined by the ifiodtion of EImann’s et al.
(1961) [25] method as described by Worek et al99)927]. Whole blood dilutions were
prepared by adding 1Q@. blood to 10 mL sodium/potassium phosphate buitérmM, pH
7.4 containing Triton X -100 (0.03%). After cardjulmixed, the samples were frozen
immediately and kept until analysis. The hemoliz&@0 uL), phosphate buffer 0.1 mM pH
7.4, DTNB 0.3 mM, and ethopropazine 0.02 mM, aagle butyrylcholinesterase (BChE)
inhibitor, were pre-incubated during 10 min at 87°The reaction was started by the addition
of substrate AcSCh 0.45 mM, and color developmexd measured at 436 nm.

The specific activity of erythrocyte AChE was cditad from the quotient between

AChE activity and hemoglobin content, and the rsswere expressed as nplhol Hb.

Protein determination
Protein was measured by the Coomassie blue metboatding to Bradford (1976)

[28] using bovine serum albumin as standard.
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Statistical analysis

Data were analyzed by analysis of variance (Ong-ABOVA) followed by the
Duncan multiple range test, and p<0.05 was consibier represent a significant difference in
the analysis. All data were expressed as mean * Be@rson’s Correlation analyses were

performed between variables.

Results

AChE activity in central nervous system and in lemytyte was modified for the
aluminium treatmentAChE activity in striatum presented an increasé&5%o in the Ci group,
of 19% in the AI+Ci group and of 30% in the Al gmuall compared to control (Fig. 1).
AChE activity in hypothalamus presented an increds23% in the Ci group, of 26% in the
Al+Ci group and of 28% in the Al group, all compar® control (Fig. 1). AChE activity in
cerebellum presented a decrease of 11% and in ¢apmaus of 23% both in the Al group,
when compared to control (Fig. 2).

AChE activity in cerebral cortex supernatant pnése a decrease of 21% in the Al
group, when compared to control. AChE activitysynaptosomes of the cerebral cortex
presented an increase of 14% in the Al group, wbempared to control (Fig. 3). In
erythrocyte, AChE activity presented an increas@7b in the Al+Ci group and 11% in the
Al group, compared to control (Fig. 4). Analyzingly the AChE activity in synaptosomes
obtained from cerebral cortex and in erythrocyteerd was a statistically significant

correlation (r = 0.896, p<0.001) (Fig. 5).
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Discussion

Aluminium (Al) has been reported as a neurotox@&rent, and animals exposed to Al
have been suggested as animal models for Alzhesmdisease (AD) [4]. In AD,
neurofibrillary degeneration is associated withoasl of the cholinergic markers choline
acetyltransferase (ChAT) and AChE [29]. MoreovaghHhevels of Al have been detected in
brain areas where the formation of senile plaquesurs [30]. Some clinical reports
demonstrated an increase in aluminium absorptiomngluaging and certain pathologies,
leading to aluminium accumulation in the body [3lhe relatively high fractional aluminium
absorption observed when fasted animals were galaminium by gavage with citrate
reflects several factors [32]. This reflects ther@gased solubility of aluminium in a citrate
solution, the enhancement of Al absorption by t@trand the negative effect of other ions
(iron and calcium) and organic factors (phytatedigt and in the gut milieu of fed animals on
aluminium bioavailability [33, 34]. Although prewis works of our group (10) have indicated
that the addition of citrate makes AChE activatinare prominent, in this present study the
group treated with Al plus citrate presented naidicant alteration in enzyme activity in
comparison to group Al.

The effects of Al ions on biological membranes hbaeen extensively described [35,
36]. Recently, aluminium was demonstrated to beallponot only of crossing the blood-
brain barrier (BBB) [35], but also of increasing fgtermeability [5]. The aluminium-induced
decrease of synaptic plasma membrane order is ynasgociated with the reduction of
cholesterol/phospholipids (CH/PL) molar ratio, eaththan to an alteration of membrane
phospholipid composition or direct interaction ofurainium with negatively charged
membrane residues [37]. Studies have showed thagtrtdperties of membrane-bound AChE
activity in the brain and the phospholipids composi of rat brain synaptic plasma

membranes, microsomes and myelin as well as the WaATPase kinetics were altered
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significantly under these treatment conditions [38ChE is an enzyme which presents
similar catalytic activities but differ in hydrodgmic parameters and ionic or hydrophobic
interactions [39]. In AD a selective loss of AChBlectular forms [40] occurs. In this study,
the activity of the globular form of AChE in homageed of different brain regions and
synaptosomes of the cerebral cortex and erythreayss determined.

The data obtained in this work showed that the adimation of Al by gavage caused
an increase of AChE activity in the synaptosomethefcerebral cortex and in erythrocytes.
AChE activity was also enhanced in homogenized ha& s$triatum and hypothalamus.
However, AChE activity in the cerebral cortex Slsvagecreased, such as in cerebellum and
hippocampus. Perhaps, the different results obdain both enhancement and inhibition of
the AChE activity, in synaptosomes and S1 of celetwrtex, may be related to the different
membrane composition and the presence of diffeék@MmE molecular forms or a reflection of
the biphasic effect of aluminiunMoreover, the different results found in S1 canrélated
with the different cholinergic projections in theustures. For example, the cerebral cortex
and hippocampus received cholinergic projectioomfthe nucleus basalis of Meynert, while
the striatum has an intrinsic cholinergic circultO]. Therefore, the Al may interfere so
differently in different brain structures.

Al can interact with plasma membrane lipids afiegtihe structure and function of
several proteins [41]. These membrane alteratiars affect the activity of membrane-
associated enzymes [2]. Gulya et al. (1990) [144ehsuggested that an increase in AChE
activity following aluminium exposure was due ttoateric interaction between the cation in
the peripheral anionic site of the enzyme molecule.

The biphasic effect of aluminium has been repomediverse cell systems [42]. The
biphasic effect of Al may be due to the formatioh reversible/irreversible aluminium

complex. Al has high affinity for proteins, carbahgites and polynucleotides and may exist



66

as a reversible macromolecular complex of catidggyoon [43]. Thus, the biphasic effect of
Al may be related to the formation of a complexwen molecules found in the supernatant
and the peripheral anionic site of enzyme.

The results of the AChE-depend@rAPP induction suggests that the effect of AChE
was mediated mainly by the peripheral site of theyme [44]. Besides, evidences reported
suggest that Al may act in the neurotoxic actiorawiyloid beta-peptide (# [45, 46], the
principal component of senile plaques, which amratteristics of AD [47].

Besides, several lines of evidences suggest th&iEAGay have a role in AD [44].
One of them is the association of senile plaquesn@urodegeneration to brain regions rich in
cholinergic transmission and the presence of AGhEenile plaques [48]. Aluminium is able
to increase the activity of AChE [49] and concomiitg AChE increases aggregation [50]
and promotes the generation of amyloid aggregayjesidoelerating the assembly of§ A
peptide into A fibrils [51].

The present work was performed based on the residésned in Kaizer et al. (2005)
[10], enhancing the dose of Al (50 mg/kg) and nambhg the same method and time of
exposure, by gavage during three months (60 adtratiens). In the present study, we used
more refined tissue preparations, such as synapesoand erythrocytes, for the
determination of acetylcholinesterase activity, ahhwas compared in the CNS and in blood
cells.

In conclusion, this study showed that the treatnvétit Al causes alterations in the
cholinergic system in the central nervous system arythrocytes. The results obtained
presented a similar behavior of AChE activity imagtosomes and erythrocytes. Thus, as AD
is considered a systemic disorder and as blood eel easy accessible tissues, we can
suggest that erythrocytes can be used as a pararmokteentral cholinergic status.

Additionally, the biphasic effect of aluminium wabserved mainly in S1 of distinct brain
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regions, which may be related to the complex foiomabetween molecules presents in S1
and the enzyme. Comparing all the results obselimedCNS with those obtained in
erythrocytes, which are easily accessible tisswes;zan suggest that the erythrocytes can act

as a peripheral marker of central cholinergic statu
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Legends

Figure 1 — Effect of oral Al administration on AChE activitin the striatum and
hypothalamus of adult rats. Each column represeein + S.D. (n=7) as percent of control.
AChE control value for striatum and hypothalamusren20.55 + 2.4 and 4.83 £ 0.52,
respectively, and were expressed as pmol AcSCh/bfpgptein. * Different from the group
control (p<0.05). ** Different from the control ar@i groups (p<0.05). ANOVA — Duncan’s
Test.

Figure 2 - Effect of oral Al administration on AChE activitynithe cerebellum and
hippocampus of adult rats. Each column represesanm S.D. (n=7) as percent of control.
AChE control value for cerebellum and hippocampueen3.9 + 0.42 and 6.13 £ 0.38,
respectively, and were expressed as pmol AcSCh/imgyotein. ** Different from the
control and AI+Ci groups (p<0.05). *** Different dm all the others groups (p<0.05).
ANOVA — Duncan’s Test.

Figure 3 - Effect of oral Al administration on AChE activityn ithe supernatant and
synaptosomes obtained from the cerebral cortexlait sats. Each column represents mean +
S.D. (n=7) as percent of control. AChE control eafar homogenized of the cerebral cortex
was 9.91 + 1.7 and for synaptosomes of the ceredmdéx was 7.36 + 0.72, and were
expressed as pmol AcSCh/h/mg of protein. ** Differérom the control and Ci groups
(p<0.05). *** Different from all the others groufs<0.05). ANOVA — Duncan’s Test.

Figure 4 - Effect of oral Al administration on erythrocyte AElactivity of adult rats. Each
column represents mean + S.D. (n=7) as percentootra. AChE control value for
erythrocyte was 194.92 + 17.2, and were expresseddpumol of Hb. * Different from the
Ci group (p<0.05). ** Different from the control dnCi groups (p<0.05). ANOVA —

Duncan’s Test.
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Fig. 5— Correlation between AChE activities in synapitoee obtained from cerebral cortex

and in erythrocytes (r=0.896, p<0,001). Pearsoorstation.
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In the present study we investigated a potential mechanism by which high sugar (HS) and
high fat (HF) diets could affect acetylcholinesterase (AChE) activity. The treatment with
HS and HF diet was done for six months on male and female rats. The results showed
decreased hippocampal AChE activity in male and females receiving HS and HF diets (HS
24% and 36%; HF 38% and 32%, males and females, respectively; P < 0.05). The activity
in the cerebral cortex was reduced in males (49 and 4)%) and temales (1Y and 17%)
(P < 0.05) on HS and HF diets, respectively. In the hypothalamus AChE activity was
decreased on HS diet in males (46%) and female (253%%) (P < 0.05) and ako on HF diet in
males (34%) and females (21%) (P < 0.03). However, in the cerebellum no changes in
ACRE activity were observed. These results indicate that HS and HF diets produced mainly
inhihition in acetylcholine degradation. It probably indicates a chreonic alteration induced
by these diets on the cholinergic system.

KEY WORDS: AChE. Acetvicholine. dicts. high sugar, high fat.

INTRODUCTION

It is currently well accepted thar lifestyle plays a
critical role in maintaining nenral finction in the life
course ol individuals. Studies mainly focus on diets
typical ol most industrialized Western societies, rich
in saturated fat and refined sugar (HFS) (1).

‘The possibility that high sugar (HS) and high
fat (HF) dizts alfect neural function would indicate
that diet can increase vulnerability to numerous neu-
rological diseases. Thus, 1t 18 important to determine

! Departaments de Quimica, Centro de Ciéncias Naturais e Exa-
tas, Universidade Federal de Santa Maria, Av. Roraima, Cep
G7119-900, Santa Maria, RS, Brazil.

* Address reprint requests to: Maria Rosa Chitolina Schetinger,
Fax: +55-552208978; Depto. de Quimica , CCNE, Universid-
sde Federal de Santa Marna, Av. Rorama, 97105900, Santa
Maria, RS, Brazil. E-mail: mariarosa@smail.ufsm br

the influence of dietary factors in modilyving specific
aspects of neuronal health and function (2).
Acetylcholine (ACh) is a neurotransmitter of
pivotal importance in ONS function and is related to
learning, memory, cortical organizétion ol move-
ment, and the control of cerebral blood flow (3). This
neurotransmitter i1s synthesized in the nerve endings
ol the presynaptic nerve Irom cholme and acetyl
coenzyme A (acetyl CoA). Acetyl CoA 15 a product
ol cell metabolism, and choling is derived rom lipid
metabolism. After release, acetylcholine is hydro-
lyzed to choline and acetate by acetylchohinesterase
(EC 3.1.1.7; AChE), and olher non-specilic esterases
{4). AChE iz an importan: regulatory enzyme that
controls the transmission ol nerve impulses across
cholinergic synapses (5) and its activity is considered
a good mdicator of cholinergic activity (3).
Cholinesterases such as AChE and BuChE (bu-
tyrylcholinesterase) participate in the hydrolysis and

(3631 000 | 2002251 1 2 N Springer Science+Business Madia, Ine.
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inactivation of several xenobiotics, including anes-
thetics, cocaine, heroin, anc other esters (6). Of tox-
icological and pharmacological significance, AChE
is a target lor varicus cholinergic toxins, such &s
snake venom and plant glycoalkaloids, and also a
target for therapeutically active compounds. includ
ing antiAlzheimer’'s disease drugs and antidepres-
sants (7.8).

In the literature there are several reports dem-
onstrating that dietary facrors alfect cholinesterase
activities. Inhibition of cholinesterase activities weas
ohserved in diets with varied fatry acid ratios (9),
supplementation of sucrose (10), glucosz (11), and
plant glvcoalkaloids (7).

The present work, investigate the long-term
elfects of HS and HF diets on the activity of AChE
[rom the cortex. cerebellum, hypothalamus, and
hippocampus. It was based on reports in the litera-
ture demonstrating that dietary factors can influence
cholinesterase activities in the different conditions
cited above. It 15 plausible to suppose that HS and
HF diets can mfluence AChE activity. In these con-
ditions the measurement of ACHE actuvity could
indirectly indicate the activity ol the cholinergic sys-
tem once synthesis and degradation of acetylcholine
are a co-regulated process.

MATERIALS AND METHODS

Animals

Adult male and female Wistar rats (170-190 g) obtained
from the Central Animal House Federal University of Santa
Miaria (Santa Maria, RS, Braudl) were howed in groups of doee
per cage. These animals were maintaired wnder stendard diumal
conditions (12 h light, 12 h dark), at a censtint temperature of
22+ 2 °C wilhe ad fidemeen water and Food, ALl aniva] procedures
were approved by the Institutional Commission of the Federal
University of Santa Maria and were in agreement with the Inter-
national Council.

Materials

Acetylthincheline iodide, 5.5 -dithio-bis-2-nitrobenzoic acd
(DTNB). thiobarbituric acid (TBA). malondialdehyde (MDA),
phen¥lmethylsulfonyl fluoride (PMSF) and Trizma base were
purchased from Sigma Chemical Co (St Louis, MO). All other
reagents used in the experiments were of snalvtical grade and of

the highest purity,

Treatment

The animals were separated into three diferert groups. The
(HS) diet was mostly complex carbohydrates (starch) 20%

80

Kaizer, da Silva, Maorsch, Corréa and Schetinger

refined-sugar, 44% starch, W% protein, 4.5% corn ol 4.5%
fiber, and 7% wvitamin gnd mineral mix (Bionate Lida, Brazil).
I'he gh tat (HF) diet was ngh m saturgted fat and monounsat-
urated fat {zame amount of tard apd corn oil), 18.5% refined-
suger, 2% protein, 25% com oil, 25% lard, 4.5% fiber. end 7%
vitamin and mineral mix (Bionate Ltda. Brazil). The control
group consumed standard Laboratory chow (SUPRA-RS, Bra-
zil).

The rats were fed ad libitum :nd were weighed monthly.
After six months of treztment with the respective diets the wni-

mals were killed by decapitation.

Brain Tissue Preparation and AChE Activity Assay

The hippocampus, cortex, cercbellum, and hypothalamus
were quickly removed, placed in a solution of 320 mM sucrose,
0.1 mM EDTA, 5 mM Tris-HCL pH 75 (Medium I), at 4°C
and weighed, Then, tssues were homogeniaed in 10 volunes of
Medium I inm a motor-driven Teflon-glass homogenzer
(15 strokes at 1000 rpm).

Acetylcholinesierase activity was dewermined by the method
of Ellman et al. (12), modified by Rocha et al. (13). The reaction
mixture (2 ml final volume) was 100 mM phosphate buffer pH
(7.5, 1 mM 55-dithio-bis-2-nitrobenzoic ecid (DTNEB), The
method is based on the formation of a sellow apion, 4,4-dithio-
bis- nitrobenzoic acid, measured by absorbance at 412 nm alter
Zmn al 23 °C, The enzyme (40-30 pg of protein) was pre-incu-
bated for 2 min, The resction was initiated by adding 200 ul of
acetylthiocholine 1odide to a final concentration of 0.8 mM. The
enzyme activily was expressed a: pmol AcSCh hydrolyzed/h/per
mg of protein.

Plasma Lipids end Glucose Levels. Plasma total cholesterol,
HDL cholesterol, trglycerides. and plucose were determined by
commercial colorimetric kit (Labtest—Minas Gersis—Brazil),
VLDL and LDL cholesterol was calculated by the difference
between plasma total chelesterol and HDL cholesterol.

Protcin Determination

Protein was measured by the Coomassic blue method
according to Bradford (14) wsing bovine serum albumin as stan-
dard.

Plasma TBARS Deierminaton. Plasma TBARS (thiobarbi-
turic add-reactive substances) leveli were determined by the
method of Jentzsch et al. (15). Briefy, plasma (200 pl) or stan-
dard (003 mM MIYA) was mixed with 1 ml of 1.2 M ortha-phos-
phorie acid and 250 pl TRA (0 11 mM: 20 mp TRA diswolved in
500 ml of 0.1 mM NaOH). The reaction mixture was brought to
20 ml with distilled water and then incubated at 90 °C for
45 min in a water bath. Plasma TBARS levels are reported as
nmol MDA m plasma.

Liver TBARS

Lipid perozidation was estimated by the TBARS assay.
Liver TBARS levels were determined by a previously described
method (16). Rat livers were promptly excised after death,
weighed and homogenized 2t a ratio of 1 g tissue to 10ml of
10 mM Tris-HCl buffer, pH 74, plus 10% sodium dodecylsulfate
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(8M8). The reacticn mixture contained 200 pl of the sample or
standard (0.03 mM MDA), 100 pl 8.1% sodivm dodecylsulfate
(SDS), #0pl of 2.5 M acctic ecid :olution, and 750 ml pl of
0.8% TBA. The mixture was brought to 2.0 mL with distilled
water and heated at 95 “C for 90 mumn. After centnfugation at
5000 rpm for § min, absorbence was measured at 532 nm. MDA
was quantified using and MDA calibration curve. Liver TBARS
levels are reported as nmol MDA per ml tissue homogenate.

Catalase Activity Determination

Catalase (CAT) activity was measured in Lver homoegenates
by the method of MNelson and Kiesow (17). Rat livers were
promptly excised after death, divided into portions, and weighed
and 1:10 tissuz homogenates were prepared in 1.15% KOl solu-
tion plus 1 mM PMSI. After centrifuging at 3000 rpm for
10 min at 4°C the supernatants wer used for enzymatic reac-
tron. The reactwon muxture contaned 50 mM phosphate buber,
pH 7.0, 10 mM H:0, snd 20 pl of the supernatant. The rate of
H2C2 reiction was monitored at 240 nm for 2 min &t room tem-
peratire. Catalase activity was expressed as A Fjprofein per min

Statistical Analysis

Data were anzlyzed by one-way analysis of variance (ANO-
VA) followed by the Tukey-Kramer test when P < (.05,

RESULTS

Lipid plasma levels from the control group. HS
group, and HF are shown in Table 1. Glucose levels
were enhanced (P = 0.05) in females on both diets,
HS (24% ) and HF (23%), but in males it was not
observed. Cholesterol was increased about 33% in
males, HS und HF (P = 0.05), and about 20% mn
females HS. and HF (P < 0.05). HDL-C decreased
in females on both diets, HS (28%) and HF (24%)
(P < 003). LDL-C mncreased m males on HS
(173.33%) and HF (160%) diets (P < 0.001), but
was not altered in females. Triglycerides were ele-
vated on males HS (228.6%) and HF (209%) diets
(P < 0.001) and in females on HF (40%) and HS
diets (P = 0.05).

The effect of HS and HF diets on the activity
of ACKHE from the hippocampus is shown in Fig.l.
HS and HF diets decreased AChE activity in males
and females (HS 24 and 36%: HF 38 and 32%.
males and females, respectvely; P = 0.05). A
decrease in AChE activity was alan observed in the
cerchral cortex of males and females on both diets
(HS 49 and 19%; HF 40 and 17%, males and
females, respectively; P < 0.05) (Fig. 2). A similar
result was obtained in the hypothalamus, where HS
and HF diets inhibited AChE activity in males and
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Tahle 1. Plasma Gluense, Chalesteral, Chalesternl Fster Conoen-
trations in Lipopretein Fractions and Triglyceride in Rats with a
High Fat and High Sugar Diet

PLASMA LEVELS (mg/dl)

Males IFemales
Gilucose Control 99 + B.l0 120 + .00
HS 110+ 230 49 + 682
HF 140 + 2369 48 + 194
Total-C Control 132 + 3.39 103 + 9.84
HS *178 + 808 127 + 1528
HF *180 £ 3.60 25 £ 605
HDL-AC Control 55 £ 3.0 25 + 3k4
HS 53 +4M4 *8 £ 251
HF 58 £ 1122 *19 + 173
LDL-C Control 64 + TAET 53+ 587
HS **E3 £ 1.B5 i 4 S
HF 23 +£ 286 HRT k2
V0LDL-C Control 15 £ 478 23+ 2350
HS 41 £ 0.57 33 £ 9.32
HF **30 £ 1357 22+ 14
Triglyoerides Coniml B3 + Ga0 1R+ 914
HS =T £ 2.00 #65 + 458
HF #1085 + 6727 108 + 684

Walues are the mean + 8D » — 4 6 chservations per group.
*P < 0.05, **P < 0.000. Data were analvzed by ANOVA fol-

lowed by Tukey Kramer test

lemales (HS 46 and 25%: HF 21 and 34%. males
and females, respectively; P <= 0.05) (Fig. 3). How
ever, no significant changes in AChE activity were
found in the cerebellum (data not shown).

TDBARS plasma levels were increased in males,
HS (65%), HF (40%) and in lemales, HS [43%)
and HF (20%) (P < 0.05) {data not shown). Liver
TBARS were mereased by 1153% in HF males and
by 60% in HS and HF females (P < 0.05) (data
not shown). Liver catalase activity was mcreased in
all groups studied (P < 0.001), with the enhance-
ment being more pronounced in females {(about
70%) than in males (about 50%) in both cdietary
groups [data not shown).

DISCUSSION

It 15 known that people and enimals with diets
high in saturated fat have higher levels of total cho-
lesterol and lower levels of HDL cholesterol
(1,218). Roberrs et al. [18) ohserved that higher sat-
urated and monounsaturated fat and refined sugar
caused an increase in plasma triglycerides, total-cho-
lesterol, VLDL-C, and LDL-C, and a signilicant
increase in the LDL-C/HDL-C ratio. In the present
study, in both males and females an increase was
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Fig. 1. Effects of HS and HF diet on AChE activity in the hippo-
campus. Bars represent the mean = SD of five animals (# = 35).
The control specific activity that represents 10096 in males
(712 = 1.00) and in fenmles (745 £ 0.17) b eapressed as punol
ACSCh/E/per mg of protein. The deta were analyzed by ANOVA
followed by Tukey-Kramer test, *P < 005 Groups are
described as: control males (CM); control females (CF); males
(M) and females (F).

also found an incregse in LDL-C levels m HS and
HF diets. In this way, long-term HF and HS diet
can contribute te the elevaticn ol plasma VLDL
and 1. Probebly the long-term enhancing in glu-
cose, tnglyeerides and cholesterol levels alfect the
metabolism and constitution ol the central nervous
system and peripherz] tissue, such as liver.

The diminished activity of ACHE in the ciffer-
ent structures [rom the central nervous system 1s
related to HS and HF diets i both males and
females. It could indicate that dier influences the
activity of the cholinergic system. Reports in the lit-
erature demonstrate alteration i AChE activity

B G
BHcr

[ Ir

% of control

Fig. 2. Effects of HS and HF diet on AChE activity in the cere-
bral cortex, Data represent the mean = S of five ammals
(n = 5). Control specific osctivity represents [00% in moles
(7.77 = 1.09) and in females (7.70 + 0.15), expresed as pmol
ACSCh/k/per mg of protein. The data were analyzed by ANOVA
followed by Tukey-Kramer test, *P < 005 Groups are
described as contel males (CM), conuuel fomakes (CF) males
(M) and females (F)

82

Kaizer. da Silva, Morsch, Corréa and Schetinger

150

Hl cv
=]+
A m
[ IF

100

50

% of control

Fig. 2. Effects of HS and HF diet on AChE activity in the hypo-
thalamus. Data represent the mesn + 8D of five animals (1 = 5).
Contrel specific activity that represents 100% (337 + 1.06)
maes and (343 = 0.1%) 0 lemales, expressed as pmol AUSCh/h/
per mg of protein. The data were analyred by ANOVA followed
by Tukey-Kmamer test, ¥*P < 005 Groops are descrbed ag con-
trol males (CM]; control females (CF); males (M) and females
F)

with different Iipid (9) and suerose mmgestion (10).
There are three possibilities: first, these diets modily
the micrcenvironment of the membrane bound
AChE. Probebly alteration in cholesterol, phospho
lipids, and latty acid chains oceur impairing acetyl-
choline  degracdation. Second. there could be
dimirished synthesis of acetvlcholine in both diets.
Acetylcholine level was not monitored i this work,
but we can speculate that the diminished hydrolysis
observed 15 due 1o a regulatory mechanism  thatl
could oceur in these animals. Perhaps Lo mamlain &
basal level ol acetylcholine these animals modulate
(decrease) the hydrolysis ol this neurotransmitter.
Third, diminished synthesis of the enzyme ACHE
could occur in both diets. The long-term treatment
could cause an mduction or repression ol protemn
synthesis. Olivier et al. (11) observed that glucose
leeding exacerbates parathion-incduced neurotoxic-
ity. probably because the excessive glucose con-
sumption decreases the intake ol other dietary
components, in particular amino acids, limiting the
‘de nove’ synthesis of AChE and the recover of syn-
aplic trensmassion.

However, no changes in AChE activity were
observed in the cerebellum. dermonstrating that this
structure was not sensitive to HS and HF diets. In
fact. 18 acceptable that brain regions could present
different vulnerabilitv and responses in AChE activ-
ity. mamly comparing hippocampus and cerehral
cortex with cerchellim Perhaps, it conld indicate
the importance and voalnesahility of the cholinergic
via in these different brein regions
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It has been demonsrated that long-term con-
sumption ol a westernized type of diet, high in satu-
rated Tét and refined-carbohvdrate, leads 1o
oxidative stress (19). In our experiments, the hepatic
lipids from males and females receving the HF diet
were more susceptible to peroxidatiorn. demonstrat-
ing that this diet can enhance the oxidative process.
On the other hand, in lemales the increase in lipid
peroxidation did not depend on the diet and was
found in both dietary groups. Probably, females are
mare suseeprihle to elevated sugar and a1 levels

Previous studies ezamined the relationship
betwesn oxidative stress and the effect of diet in
terms ol which antioxident enzyimes are altered 1
particula
activity sugeesis 4 compensaiory
defense  against  oxidative  sress.  In contrasth,
decrezsed antioxidant enzyme activity may be due
to a depletion ol antioxidant enzymes in response
to oxdative stiess, In the present study, we found
an incresse in liver catalase activity in both male
and femgle rats receiving the HS and HF diets. a
fact suggesting a compensatory mechanism against
the oxidative stress experienced by this tissue.

In conclusion, the present results indicate that
lotg term HS and HF diets alterad the metabolic
profile ol experimental animals. inhibitled AChE
activity in hippocampus, hypolhalamus, and cere-
bral cortex, and enhanced lipid peroxidation and
catalase activity.

tissues. locreased antioxidant enzyme
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Abstract

Aluminium (Al) is recognized as a neurotoxic ageartd has been related to
Alzheimer’s disease (Al). High fat diets increaghd fibrillogenesis, characteristic of AD.
The present study evaluates the effect of long-termosure to Al plus high fat diets, on
NTPDase and 5’-nucleotidase activities in synapteso of cerebral cortex and platelets of
newly weaned rat pups. The rat pups were loadeghiasige with AIG4 50 mg/(kg day), 5 day
per week, received choad libitum, during three months. The rats were divided inteeni
groups (n=5): (1) control; (2) high fat saturateelt;d(3) high fat saturated diet and with A{ClI
50 mg/kg; (4) high fat saturated diet and with Al80 mg/kg plus 50 mg/kg of sodium citrate
solution; (5) high fat saturated diet and with 5@/kg of sodium citrate solution; (6) high fat
monounsaturated diet and with A}G0 mg/kg; (7) high fat monounsaturated diet anthwi
AICI3 50 mg/kg; (8) high fat monounsaturated diet antth WiClz 50 mg/kg plus 50 mg/kg of
sodium citrate solution; (9) high fat monounsatedatliet and with 50 mg/kg of sodium
citrate solution. ATP hydrolysis in synatpsomeshe 3, 4, 7 and 8 groups was enhanced
141.5%, 107.6%, 102.2% and 117.9%, respectivelj)enmcompared to the control group
(p<0.05). ADP hydrolysis in synaptosomes in thg,3/ and 8 groups was enhanced 106.3%,
113.3%, 114.2% and 130.2%, respectively, in comparto the control (p<0.05). 5'-
nucleotidase activity in synaptosomes in the 37 4nd 8 groups was enhanced 117.8%,
138%, 118% and 128%, respectively, in relationthe control group (p<0.05). ATP
hydrolysis in platelets in the 3, 4, 7 and 8 grow@s enhanced 74%, 103%, 74.6% and
147%, respectively, when compared to the contralig (p<0.05). ADP hydrolysis in the 3,
4, 7 and 8 groups was enhanced 137%, 176%, 117%8&8%, respectively, in comparison
to the control (p<0.05). AMP hydrolysis in the 3, Z4and 8 groups was enhanced 134%,
213%, 131% and 198%, respectively, in relationhe tontrol group (p<0.05). Together,
these results indicate that Al plus high fat digtsreases NTPDase and 5’-nucleotidase
activities, in synaptosomes and platelets of rats.

Keywords:  Aluminium, diets, fat saturated, fat amsated, NTPDase, 5'-nucleotidase,
pups, rats.
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Introdution

Currently, is well established that lifestyle aadvironment play a critical role in
maintaining neural function, and can be relatethéetiology of various disorders in the life
course of the individual. Exposure to metals ocoatsirally in the environment, but since the
industrial revolution the avaibility of metals artistribution to biological systems have
increased significantly (Hopkin, 1989). AluminiurAl) is the most abundant metal on earth,
despite its abundance, no connection with a udablbgical function has been discovered
(Suwalsky et al., 2004). There are many sourced aé food and medicines, such as antacid,
buffering aspirins, and antidiarrhetic, is the paimn route of aluminium exposure in most
humans (Sutherland and Greger, 1998). Aluminiumbegs recognized as a neurotoxic agent
that can participate in the neurotoxic action ofykna beta-peptide (B) the principal
component of senile plaques, implicated in thelagyp of Alzheimer's disease (Xu et al.,
1992, Bondy et al., 1998; Exely and Korchazhkir2)1). Abnormally high AF levels are
found in brain areas of patients with both senilagpes and neurofibrillary tangles,
characteristic of AD (Kaizer et al., 2007).

Other factor of the blooming of industrialized we¥st societies was the consumption
of a typical diet rich in saturated fat and refirmdjar. It was established that high sugar and
high fat diets can contribute to cognitive declineaging (Knopman et al., 2001) and can
accelerate the course of dementia in AD (Kalmijalet1997; 2000). In fact, the dietary fats
are known to alter the structural membrane lipichposition, affecting the membrane-bound
enzyme activities. Alteration of the cholesterotdppholipids (CH/PL) molar ratio at the level
of biomembranes may condition the vulnerabilityaominium intoxication (Silva et al.,
2002). Moreover, Al can too interact with plasmanmbeane lipids, affecting the structure and

function of several proteins (Julka and Gill, 19%Gizer et al., 2007). In previous work
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(Kaizer et al., 2007), we observed that membraneraaions can affect the activity of
membrane-associated enzymes, such as NTPDase-andl&btidase.

NTPDase (E.C. 3.6.1.5) and 5’-nucleotidase (E.C.33%) participate in the control of
extracellular ATP levels in the synaptic cleft andhe control of purinergic neuromodulation
and neurotransmission (Schetinger et al., 2001z Balal., 2003). NTPDase hydrolyzes the
extracellular nucleosides tri and di-phosphatethinpresence of Gaor Mg?* and has been
well characterized in the central nervous systeMS) in platelets and in other tissues (Pilla
et al., 1996; Schetinger et al., 2001; Balz et 2003). A role for NTPDase in control of
neurotransmission has been suggested and alteyatiotnis enzyme activity appear to be
associated with different brain processes likenieg and memory acquisition (Zimmermann,
1998; 2001). In addition, the 5’-nucleotidase eneypromote the hydrolysis of AMP to
adenosine, an important neuromodulatory messe@geni{ermann, 2001).

Kaizer et al. (2007) reported the NTPDase and Blautidase activities in
synaptosomes obtained from hippocampus and cerefnax and in platelets of rats. In fact,
we observed that the treatment of long-term exmosuithe Al enhanced the NTPDase and
5-nucleotidase activities in both synaptosomalctiens and platelets. Similar results
obtained when comparing synaptosomal fractions @atelets, confirmed the platelets as
excellent peripheral marker of the toxicity of Al the central nervous system (CNS) (Kaizer
et al., 2007).

Studies demonstrated that ATP can control the ktetine release through a dual
opposite modulation, acting on facilitatory P2X iahibitory P2Y receptors (Cunha and
Ribeiro, 2000). In fact, recent works of our grcugve investigated the effect of exogenous
factors on AChE activity, such as diets (Kaizealet2004), inhibitors (Ahmed et al., 2006), a
demyelinating model (Mazzanti et al., 2006a, b)d dhe toxicity of metals, such as Al

(Kaizer et al., 2005). Kaizer et al., (2005) observan increase in AChE activity in
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homogenized of different mouse brain regions aftleronic exposure to low levels of
aluminium (0.1mmol/kg). Besides, was investigatied influence of dietary factors on the
AChE activity (Kaizer et al., 2004).

In previous works, we reported the isolated eftédhe long-term exposure to the Al
and the different diets in animals (Kaizer et 2004, 2005, 2007). Considering the results
obtained, and the fundamental role of lifestyle angdironment in association with a variety
chronic diseases. In the present study, we propimsassociate these two factors, the chronic
exposure to Al and diet applied in newly weanedpigts. In fact, we chose to use pups to
obtain a faster response to the treatment. Moredheranimals received aluminium and the
high fat saturated and monounsaturated diets. Thg&@ng/lkg) was administered by the
same method (gavage) and time of exposition (threeths), as in Kaizer et al. (2005; 2007).
Thus, we intend to determine whether the long-texposure to the association of Al and
high fat diet, could affect the NTPDase and 5-potidase activities in synaptosomal

fractions and platelets of rats.

2. Experimental procedures
2.1 Animals

Twenty-day-old Wistar rat pups weighing 60 g oh¢a from our breeding colony
were used. The animals were maintained on a 1®fhi##dark cycle, in an air-conditioned (22
*+ 1°C) colony room, with free access to water amodf and were weighed weekly. All
animal procedures were approved by the Institutidtthical Committee of the Federal

University of Santa Maria (Protocol number 23/2006)
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2.2 Materials
Nucleotides, Trizma Base and Percoll were purah&sen Sigma Chemical Co. (St.
Louis, MO, USA). All other reagents used in the exments were of analytical grade and of

the highest purity.

2.3 Treatment

The newly weaned rat pups were submitted to lengrtexposure (three months) to
Aluminium and a diet high in saturated or monoumsded fat. Al was administered by
gavage for 5 consecutive days followed by 2 dayemfireatment each week, completing a
total of 60 administrations per animal. The time exfposition to Al was determined in
accordance with previous studies in our labora{Missel et al., 2005; Kaizer et al., 2005;
Kaizer et al., 2007). The dose of 50 mg/kg wascsetein accordance to the literature as a
high dose (Julka and Gill, 1996; Silva et al., 20@*-Demerdash, 2004). Gavage was
performed using a syringe with a modified steehptd introduce the solution into the rat’s
esophagus without injuring the tissue. The voludmiaistrated by gavage was in accordance
with the weight of the animal, and it was initiallyound 30 pL. Therefore, the animals were
weighed each week and the dose of AMZs adjusted accordingly.

The animals were given one of three different dietee control group consumed
standard Laboratory chow (Supra-RS, Brazil), aredttbated groups received a diet high in
saturated or monounsaturated fat (Table 1).

The animals were euthanized 24h after the last dodethe brain was dissected and
placed immediately in beakers and maintained on(%€€). Sodium citrate was used to
increase aluminium absorption (Schetinger et &991 Vieira et al., 2000), probably by

enhancing Al solubility (Exley, 2004).
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2.4 Synaptosome preparation

Synaptosomes were isolated essentially as deschly Nagy and Delgado-
Escueta (1984) using a discontinuous Percoll gradi€he cerebral cortex was gently
homogenized in 10 volumes of an ice-cold mediumdjoma 1) containing 320 mM sucrose,
0.1 mM EDTA and 5 mM HEPES, pH 7.5, in a motor dnvTeflon-glass homogenizer and
then centrifuged at 1000 x g for 10 min. An aliqudét0.5 mL of the crude mitochondrial
pellet was mixed with 4.0 mL of an 8.5% Percollusim@n and layered into an isosmotic
discontinous Percoll/sucrose gradient (10%/16%)e Blynaptosomes that banded at the
10/16% Percoll interface were collected with a wiigedisposable plastic transfer pipette.
The synaptosomal fraction was washed twice witlsasmotic solution consisting of 0.32 M
sucrose, 5.0 mM HEPES, pH 7.5, and 0.1mM EDTA byrdeigation at 15,000 g to remove
the contaminating Percoll. The pellet of the secordtrifugation was resuspended in an
isosmotic solution to a final protein concentratioh0.5-0.8 mg/mL. Synaptosomes were
prepared fresh daily and maintained at 0°-4° tHmougthe procedure and used for NTPDase

and 5’-nucleotidase assays.

Platelet-rich Plasma Preparation

The platelets were prepared by the method of Rilal. (1996), as modified by
Lunkes et al. (2004). Total blood was collectedchydiac puncture and placed into a flask
with 0.129 M sodium citrate as anticoagulant. Tdtaltblood-citrate system was centrifuged
at 160 x g for 40 min to remove residual blood ellhe platelet-rich plasma (PRP) was
centrifuged at 1400 x g for 20 min and washed tviigecentrifugation at 1400 x g with 3.5
mmol/L HEPES isosmolar buffer containing 142 mmaoNBCI, 2.5 mmol/L KCI, and 5.5
mmol/L glucose. The washed platelets were resugueim HEPES isosmolar buffer and

adjusted to 0.4 — 0.45 mg of protein per millilitre
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LDH

The integrity of the synaptosome and platelet gragoons was confirmed by
determining the lactate dehydrogenase (LDH) agtiviittained after synaptosome and platelet
lysis with 0.1 % Triton X-100 and comparing it withat of an intact preparation, using the

Labtest Kkit.

Assay of NTPDase and 5’-nucleotidase activities

In synaptosomal fractions, NTPDase activity wassined in a reaction medium
containing 5 mM KCI, 1.5 mM Cagl0.1 mM EDTA, 10 mM glucose, 225 mM sucrose and
45 mM Tris-HCI buffer, pH 8.0, in a final volume 800 pL as described in a previous study
from our laboratory (Schetinger et al., 2000). Ttyemicrolitres of the enzyme preparation
(8-10 ug of protein) were added to the reactiontomexand pre-incubated for 10 min at 37°C.
The reaction was initiated by the addition of ATPA®P at a final concentration of 1.0 mM
and proceeded for 20 min. The activity of 5’-natidase was determined in a reaction
medium containing 10 mM MgS@Gn 100 mM Tris-HCI buffer, pH 7.5, at a final vohe of
200 pL, as described by Heymann (1984). The raaet@s initiated by the addition of AMP
at a final concentration of 2.0 mM and proceeded@@min.

In platelets, the determination of ectonucleotidasetivities was carried out using the
PRP preparation according to Pilla et al. (1996)efB/, to determine the NTPDase activity,
20pL of the PRP preparation (8l of protein) was added to the system mixture, Wwhic
contained 5mM CaG| 100mM NaCl, 5 mM KCI , 6 mM glucose and 50mM THEI buffer,
pH 7.4. The reaction was started by the additior2@fL of ATP or ADP (1mM final
concentration) as substrates. For AMP hydrolybis,X-nucleotidase activity was carried out

as described above, except that the 5 mM ga@bk replaced by 10mM Mgg&land the
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nucleotide final concentration added was 2 mM AMRII et al., 1996). For the both
synaptosomes and plateletsuP®f the enzyme preparation (84i@ of protein) was added to
the reaction mixture and pre-incubated for 10 mi&7&C.

Both the reactions were stopped by the additioR08f:L of 10% trichloroacetic acid
(TCA) to provide a final concentration of 5%. Aftehilling on ice for 10 min, 1Qd
samples were taken for assay of released inorgdndsphate (Pi) by the method of Chan et
al. (1986), using malachite green as the colorimetagent and KHPO, as standart.
Controls were carried out by adding the synaptosdraetion after TCA addition to correct
for non-enzymatic nucleotide hydrolysis. All sangpleere run in triplicate. Enzyme activities

are reported as nmol Pi released/(min mg) of pmotei

Protein determination
Protein was measured by the Coomassie blue metboarding to Bradford (1976)

using bovine serum albumin as standard.

Statistical analysis
Data were analyzed by analysis of variance (Ong-ABOVA) followed by the
Tukey-Kramer multiple comparison test, and p<0.@& wonsidered to represent a significant

difference in the analysis. All data were expressedean + S.D.

Results

The measurement of LDH indicated that at least 80%ie synaptosomes and 95% of
the platelets remained intact after incubation #C3(data not shown). Therefore, we can
affirm that tissue preparations, synaptosomes #aelpts used in the assays of the enzyme

preserved the proprieties of the plasma membrai®Ddse and 5’-nucleotidase activities
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from synaptosomes and platelets were modified bgnadium and diet. In the hydrolysis of
ATP in cerebral cortex synaptosomes, group 3 ptedean increase of 141.5%, 92.9%,
74.3%, 94.4% and 74.4% when compared to groups &, @ and 9, respectively (p<0.05)
(Fig. 1A). Group 4 showed an increase of 107.690%5 50%, 67% and 50% in comparison
with groups 1, 2, 5, 6 and 9, respectively (p<0Fy. 1A). Group 7 presented an increase of
102.2%, 61.5%, 46%, 62.7% and 46% when compargdoups 1, 2, 5, 6 and 9, respectively
(p<0.05) (Fig. 1A). Group 8 presented an incredsEl@.9%, 74%, 57%, 75% and 57% when
compared to groups 1, 2, 5, 6 and 9, respectiyat.05) (Fig. 1A).

ADP hydrolysis in cerebral cortex synaptosomes weaeased in group 3 by 106.3%,
101.5%, 68%, 73.4% and 69.5% in comparison withugsol, 2, 5, 6 and 9, respectively
(p<0.05) (Fig. 1B). Group 4 presented an increas&13.3%, 108.4%, 74%, 79.4% and
75.3% in comparison to groups 1, 2, 5, 6 and Qeaesvely (p<0.05) (Fig. 1B). Group 7
showed an enhancement of 114.2%, 109%, 74%, 80% &#tdwhen compared to groups 1,
2, 5, 6 and 9, respectively (p<0.05) (Fig. 1B). @r@ showed an enhancement of 130.2%,
125%, 87.6%, 93.6% and 89% when compared to grdudd, 5, 6 and 9, respectively
(p<0.05) (Fig. 1B).

5’-nucleotidase activity in cerebral cortex symeames was increased in group 3 by
117.8%, 95%, 117%, 94%, 101% when compared to grdy®, 5, 6 and 9, respectively
(p<0.05) (Fig. 1C). Group 4 showed an enhancemen38%, 113%, 137%, 112.4% and
120% in comparison with groups 1, 2, 5, 6 and Speetively (p<0.05) (Fig. 1C). Group 7
presented an increase of 118%, 95.6%, 118%, 95% @2 when compared to groups 1, 2,
5, 6 and 9, respectively (p<0.05) (Fig. 1C). Gr8ughowed an enhancement of 128%, 105%,
128%, 104% and 111% when compared to groups 1,&abBd 9, respectively (p<0.05) (Fig.

1C).
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The results for NTPDase and 5’-nucleotidase d@wvin platelets were similar. There
was a significant increase in the groups that weckethe high fat diet and Al plus citrate in
comparison to the animals treated with a high fat @and Al. ATP hydrolysis was increased
in group 3 by 74%, 52%, 44%, 51% and 43% when coetpéo groups 1, 2, 5, 6 and 9,
respectively (p<0.05) (Fig. 2A). Group 4 showedramease of 103%, 77%, 68%, 75.6% and
66% in comparison to groups 1, 2, 5, 6 and 9, wsmdy (p<0.05) (Fig. 2A). Group 7
presented an increase of 74.6%, 52%, 44%, 51% 3¥tdwhen compared to groups 1, 2, 5, 6
and 9, respectively (p<0.05) (Fig. 2A). Group 8garged an increase of 147%, 87%, 77%,
86% and 76% when compared to groups 1, 2, 5, ®arekpectively (p<0.05) (Fig. 2A).

ADP hydrolysis in platelets was increased in gr8upy 137%, 104.8%, 74.7%, 104%
and 80% in comparison to groups 1, 2, 5, 6 ane§pectively (p<0.05) (Fig. 2B). Group 4
presented an increase of 176%, 138%, 103%, 137m8P4@9% when compared to groups 1,
2,5, 6 and 9, respectively (p<0.05) (Fig. 2B). @rd@ showed an increase of 117%, 87.6%,
60%, 87% and 65% in comparison to groups 1, 2,d&d9, respectively (p<0.05) (Fig. 2B).
Group 8 presented an increase of 189%, 150%, 1139 and 120% when compared to
groups 1, 2, 5, 6 and 9, respectively (p<0.05).ugrd also presented an increase of 33% in
relation to group 4, (p<0.05) (Fig. 2B).

5’-nucleotidase activity was increased in groupy3LB4%, 90%, 74%, 83% and 71%
in comparison groups 1, 2, 5, 6 and 9, respectiyefy.05) (Fig. 3A). Group 4 showed an
enhancement of 213%, 159%, 132%, 146% and 129%nmparison to groups 1, 2, 5, 6 and
9 group, respectively (p<0.05). AMP hydrolysis irogp 4 was also increased by 34% and
35% in comparison to groups 3 and 7, respectivel’0(05) (Fig. 3A). Group 7 showed an
increase of 131%, 88%, 72%, 81% and 69% when cadptr groups 1, 2, 5, 6 and 9,
respectively (p<0.05) (Fig. 3A). Finally, group Bosved an enhancement of 193%, 138%,

117%, 130% and 115% when compared to groups 1, 8, dnd 9 respectively (p<0.05).
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Group 8 presented results similar to those of gi@upMP hydrolysis was enhanced by 26%
and 27% in comparison to groups 3 and 7, respégtipe0.05) (Fig. 3A).
The animals were weighed throughout the treatmemd, there was no statistically

significant difference between groups (data notst)o

Discussion

In our previous study, an aluminium-induced enheare@ in NTPDase and 5'-
nucleotidase activities in rat cerebral cortex ghatelet synaptosomes was demonstrated
(Kaizer et al., 2007). In that study, the animatnsumed standard laboratory chow
concomitantly with the Al treatment, and it was riduthat the chower se did not cause
alteration in the enzyme activities. Thereforethe present study the laboratory chow was
used only for the control group.

In the present study, the data obtained showed lbimgtterm exposure to the two
exogenous factors, Al and a high fat diet, in asdimn altered NTPDase and 5’-nucleotidase
activities in both cerebral cortex synaptosome platelets. Indeed, a similar behavior in the
synaptosomal fraction and platelets was foundpre&ious study from our laboratory (Kaizer
et al., 2007). These data corroborate with sevdralies that have used peripheral cells as
models of nerve endings, because they contain atehse neurotransmitters and have
receptors for neurotransmitters on their surfackaltabarti et al., 1998; Ferrarese et al.,
2000; Borges et al., 2004).

We clearly observed that Al and a high fat dietarded the hydrolysis of adenine
nucleotides (ATP, ADP and AMP) in the groups exposencomitantly to both factors.
Furthermore, the administration of Al with both atwsated and monounsaturated fat diet

resulted in a significant elevation of ADP and AMiArolysis in platelets when associated
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with citrate. We combined Al with citrate becausemtans are normally exposed to both in
water and foods (Yokel et al., 1999; Yokel et2001; Silva et al., 2002).

Al may play a role in the initiation of amyloid fibformation in Alzheimer’s disease
(AD). In fact, it was proposed that the interactmiboth the amyloid precursor protein and
soluble A3 with ion transport systems represents an earfyistémpairing neuronal function,
preceding plague formation (Mark et al., 1997; Lenback et al., 1999; Lovell et al., 1999;
Kourie, 2001). Several studies have suggestedAl@s interferes, indirectly, with site-site
interactions that promote-p, due to aluminium-induced alterations of membréuoglity,
enhancement of free radical production and impaitma& the phosphorilation cascade
(Exley, 1999; Yokel, 2000; Szutowicz, 2001; SilMaak, 2002), which, in turn, constitute
factors that modulate the activity of the membranand enzyme (Therien and Blostein,
2000; Lopina, 2000; Boldyrev, 2001). In fact, tHeemations observed in NTPDase and 5'-
nucleotidase activities may be due to membraneadib@s.

In addition, the high fat diet is another enviromta factor that can lead to changes
similar to those characteristically associated vwAi. The addition of cholesterol to the diet
consistently results in increased immunoreactioftyhe amyloid beta protein within neurons
of the cerebral and hippocampal cortices of thesmals (Sparks et al., 1994; Sparks, 1996).
Silva et al. (2002) investigated the effect of @stérol on an aluminium-induced alteration of
membrane fluidity. Based on these data, we belieaethe cholesterol present in the high fat
diet increases the alterations induced by aluminibmfact, we found that Al treatment in
association with a high fat diet resulted in a gigant alteration of the NTPDase and 5’-
nucleotidase activities.

ATP promotes the formation of thioflavinT-reactiie amyloid fibrils and also
enhances this effect (Exley, 1997; Exley and Kozbkaa, 2001). Exley and Birchall (1996)

suggested that the role of ATP in increasing tledolgical availability of aluminium was to
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act as an adjuvant releasing trivalent aluminiunma atontrolled rate to be bound by the
amyloid, and thereby to promote the formation ofoflavin T-reactive amyloid aggregates.
It was suggested that an Al-induced disruptionhim éxtracellular signaling activity of ATP
by may be involved in the etiology of Alzheimer'sselase (Exley, 1999). Al is probably
biologically available during the period of actiymain Al homeostasis, and acting as a
complex with ATP, it could exert a latent toxicig a result of the potentiation of receptor
activity involved in neurotransmission. These AlHATcomplexes were more effective in
promoting fibril formation suggesting that the cdexgs formed are more stable with peptide
(Exley and Korchazhkina, 2001).

However, Al binds to ATP in order to form a complekRich is more stable than that
formed with Mg (Van Rensburg et al., 1997). Thie tormation of AI-ATP complexes in
the cell cytosol (Panchalingam et al., 1991), altee integrity of cellular membranes, which
consequently can affect the conformation of theyerez (Kaizer et al., 2007). Moreover, the
ability of AI-ATP to stabilize intermediates sucls @nzyme-substrate complexes is well
known (Womack and Colowick, 1979; Caspers et &94). In this case, the activities of the
enzymes NTPDase and 5’-nucleotidase increasedfismmtly in response to Al plus a high
fat diet. The association between Al and the chetekpresent in the high fat diet may lead
to the formation of AI-ATP complexes and alteratafrthe plasma membrane, which in turn,
can alter the conformation of the enzyme and caresity its activity (Korchazhkina et al.,
1999; Exley and Korchazhkina, 2001; Silva et @02).

It known that Al and diet can promote the depositd AB, which is considered to be
a target event in the etiology of AD. Thus, simitarthe data found in our previous study
(Kaizer et al., 2007), in this study we observeat the association between Al and a high fat

diet enhanced NTPDase and 5’-nucleotidase ac8vitiecerebral cortex synaptosomes and
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platelets. This corroborates with the fact that lesierol increases the vulnerability to
aluminium intoxication, observed in the NTPDase &hducleotidase activities.

In conclusion, the results obtained in rat cerebmatex synaptosomes and platelets
following exposure to aluminium together with tmgestion of diets rich in fat demonstrate
that the association of Al and cholesterol mayrdhe organization of the plasma membrane.
Consequently, the association of aluminium plusledterol may produce alterations in

NTPDase and 5’-nucleotidase activities, which bateel with neurotoxic effects.
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Legends

Figure 1 A - ATP synaptosomes — NTPDase activity in cerebralezosynaptosomes with
ATP as substrate. The control value was 164.9 525 Different from groups (1), (2), (5),
(6) and (9). Each column represents mean + SD, nath, (one-way ANOVA — Tukey-

Kramer Test) (P<0.05).
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Figure 1 B - ADP synaptosomes — NTPDase activity in cerebralegosynaptosomes with
ADP as substrate. The control value was 69.3 *+ Iifferent from groups (1), (2), (5), (6)
and (9). Each column represents mean = SD, with (ere-way ANOVA — Tukey-Kramer
Test) (P<0.05).

Figure 1 C - AMP synaptosomes — 5’-nucleotidase activity in besecortex synaptosomes
with AMP as substrate. The control value was 64.6.2. . Different from groups (1), (2),
(5), (6) and (9). Each column represents mean +v@iD, n=5, (one-way ANOVA — Tukey-
Kramer Test) (P<0.05).

Figure 2 A - ATP of platelets — NTPDase activity in plateletdhwATP as substrate. The
control value was 10.9 + 2.ADifferent from groups (1), (2), (5), (6) and (9)adh column
represents mean = SD, with n=5, (one-way ANOVA ké&ytKramer Test) (P<0.05).

Figure 2 B - ADP of platelets — NTPDase activity in plateletshwADP as substrate. The
control value was 5.01 + 1.08Different from groups (1), (2), (5), (6) and (9)Different
from the group (3)° Different from the HFS diet and group (4)Different from group (7)°
Different from group (8). Each column representame SD, with n=5, (one-way ANOVA —
Tukey-Kramer Test) (P<0.05).

Figure 2 C - AMP of platelets — 5’-nucleotidase activity in @hdts with AMP as substrate.
The control value was 5.5 + 1.0®ifferent from groups (1), (2), (5), (6) and (@)Different
from group (3)° Different from group (4)? Different from group (7)¢ Different from group
(8). Each column represents mean + SD, with n=%e-{(@ay ANOVA — Tukey-Kramer Test)

(P<0.05).
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High Fat Saturated Diet High Fat Monounsaturaieedt

Protein 20% 20%

Refined-sugar 18.5% 18.5%
Lard 50% 25%
Soybeans oil _ 25%
Fibre 4.5% 4.5%
Vitamin/Mineral 7% 7%
Kcal/100g 630 630

Table 1: Diet composition



te

Group | Definition

1 Control - Only ultra pure water and laboratorpwh

2 High fat saturated diet

3 High fat saturated diet + AlI€50 mg/kg diluted in ultra pure water

4 High fat saturated diet + AICI50 mg/kg + 50 mg/kg of sodium citra
solution

5 High fat saturated diet + 50 mg/kg of sodiumatérsolution

6 High fat monounsaturated diet

7 High fat monounsaturated diet + AJG0 mg/kg diluted in ultra pure water

8 High fat monounsaturated diet + A}C30 mg/kg + 50 mg/kg of sodiut
citrate solution

9 High fat monounsaturated diet + 50 mg/kg of sodaitrate solution

Table 2: The pups were divided into nine groups &).
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4. DISCUSSAO

O Al é considerado um agente neurotoxico (BOLLAakt 1992; YOKEL et al.,
2000), e esta relacionado com a etiologia de desercheurodegenerativas tais como
encefalopatia de didlise e AD (EXLEY, 1999; EXLEY BORCHAZHKINA, 2001;
FLATEN, 2001). Além disso, o Al é considerado umérmtoxina e um agente pro-oxidante,
e seus efeitos neurotdxicos podem ser exercidosipoanismos adicionais como a promogao
e acumulacdo de fibrilas amildides, além de al@@agnos mecanismos de regulacdo do
calcio (NAYAK, 2002). Assim, este estudo foi conadltz com o propdsito de avaliar
possiveis alteracbes ocasionadas pelo Al na atigidia enzima AChE. Nesse estudo, foi
determinada a atividade da AChE em homogeneizaddifdeentes estruturas cerebrais de
camundongos expostos por um longo periodo a bameeotracdo de Al (0,1 mmol/kg). A
dose de Al administrada foi considerada baixa, e€lacéo a outros estudos que utilizaram a
administragéo oral ao Al (SILVA et al., 2002; ZATT& al., 2002; EI-DEMERDASH, 2004;
KOHILA et al., 2004; YOUSEF, 2004; KANEKO et al.0@4). Porém, o interesse foi
desenvolver um estudo que permitisse determinamesano em baixas concentracdes o Al
afetaria a atividade da AChE e geraria estressdatixo. De fato, os resultados obtidos
confirmaram que mesmo em baixa dose, o Al causaagfies na atividade da AChE e
peroxidacao lipidica. Yokel e colaboradores (19@8tam que o citrato de sédio aumenta a
solubilidade do Al, através da formacdo de um cemplAl-citrato, que possibilita o influxo
do Al para o encéfalo, cruzando a barreira hematefélica (BBB). Com o intuito de
aumentar a absorcao do Al, foi administrado citdgosédio conjuntamente ao metal. Com
isso, observou-se um aumento na atividade da AGhEhipocampo, cortex, estriado e
hipotalamo no grupo que recebeu Al associado aateitle sddio. Porém, os camundongos
que receberam apenas Al, apresentaram uma inidec@atividade da AChE em hipotalamo e
uma ativacdo em estriado, ndo ocorrendo alteragéesiemais estruturas cerebrais. Esses
resultados conflitantes, ou seja, a ativacéo ec@éibdo Al no sistema colinérgico, pode ser
explicado pelo efeito bifasico do Al. Kumar (1998rma que o Al pode produzir um efeito
bifasico, que consiste na observacdo de um aunmntdiminuicdo de qualquer resposta
bioldgica, com 0 aumento da concentracédo de um csiopeste.

Os resultados obtidos com a administracao de baiasss de Al foi um incentivo a
realizar mais estudos. Na sequéncia, foram utiigaxs mesmos grupos do trabalho anterior,
com administracdo conjunta de Al e citrato de soéd@o mesmo tempo de exposicao (3
meses) e méetodo de administracdo, através de gav&ggém com algumas alteracdes, 0s

animais utilizados foram ratos Wistar machos. Alfisso, também foi alterada a dose para
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50 mg/kg/dia de Al, seguindo dados da literatutd_ KA & GILL, 1996, SILVA et al., 2002,
EI-DEMERDASH, 2004). Ao mesmo tempo, utilizaram{s@&a a realizacdo dos ensaios
enzimaticos, preparacdes teciduais mais refinaaesp as fracdes sinaptossomais de cortex
cerebral e hipocampo e preparacdo de plasma ricplaquetas. Devido as alteracdes
causadas pelo Al na atividade da AChE, e considergne a ACh e o ATP sé&o co-liberados
na fenda sinatpica, foi investigado o efeito dosébre a atividade das enzimas NTPDase e
5’-nucleotidase. A determinacdo enzimatica em ptapl foi proposta para comparar a
atividade das enzimas em um tecido de facil obtengd@mo o sangue. A exposi¢cao crénica
de animais ao aluminio aumentou a hidrolise do AAPP e AMP em sinaptossomas de
cortex cerebral e hipocampo. A hidrélise dos nuéliems de purina também foi aumentada
em plaquetas apos exposicao ao Al. O aumento ddate de ambas as enzimas NTPDase e
5’-nucleotidase, pode estar relacionado com possalteracdes na estrutura da membrana a
qual as enzimas estdo associadas, 0 que acarratana mudanca na conformacao da
enzima. Além disso, deve-se considerar o fato de @uAl interfere no mecanismo de
homeostase intraneuronal do*Caniveis altos de Al sdo encontrados em areas regsetie
pacientes com AD (SILVA et al., 2003), juntamente Al h4 um excesso de €a
(GARRUTO et al., 1984).

Como visto anteriormente, o tratamento com baixasesl de Al causou alteragcdes na
atividade da AChE. Dessa forma, o objetivo foirdeestigar se o tratamento com a dose de
50 mg/kg/dia de Al, que € considerada relativamaiitg afetaria o sistema colinérgico. De
fato, a exposicdo ao Al alterou a atividade da AGhR S1 de diferentes estruturas
encefélicas, sinaptossoma de cortex cerebral @a@tits. A atividade da AChE em S1 foi
aumentada em estriado e hipotalamo; e diminuidaerebelo, hipocampo e cértex. Assim
como no trabalho anterior, também foram encontradgssiltados conflitantes entre as
estruturas, dessa forma, pode-se inferir que essedtados também estdo relacionados ao
efeito bifasico do Al, bem como a susceptibilidatiferenciada das areas estudadas. Em
sinaptossoma de coértex cerebral observou-se umraanua atividade da AChE, muito
semelhante ao encontrado em eritrocitos. Porémgamrario do aumento obtido em
sinaptossoma de cortex, em S1 de cortex observomseinibicdo da AChE. Talvez, essa
diferenca observada esteja relacionada ao tipoegamcao tecidual. A fragdo sinaptossomal
de cortex € uma preparacao mais refinada, utilizadaté 3 horas apos sua preparacao, sendo
que a integridade do sinaptossoma é confirmadaéatrda atividade da enzima lactato
desidrogenase. Além disso, deve-se considerar gu&ZE ha grande presenca de formas

soltveis da AChE, enquanto em sinaptossoma a forswdvel da AChE é predominante.
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Em adicdo aos resultados obtidos no SNC, a atigidd AChE em eritrocitos também foi
aumentada ap0s exposicdo ao Al, resultado muiteeleamte ao obtido em sinaptossoma.
Esse comportamento similar entre sinaptossomadreéaios, pode ser justificado pelo fato de
ambas as preparacdes, preservarem a ordem da menptaamatica e alguns mecanismos,
como o de homeostase intraneuronal d&" GALKA & GILL, 1996; VERSTRAETEN &
OTEIZA, 2002).

Outro fator que gera bastante interesse na sa@e@ao consumo de dietas ricas em
gordura saturada e acucar refinado. A administragidietas ricas em gordura saturada e
acucar refinado por um longo periodo, inibiu aidéide da enzima AChE em homogeneizado
de diferentes estruturas cerebrais de ratos maehésneas. Esses resultados corroboram
dados da literatura que relatam uma inibicdo nadatile da AChE ocasionada por fatores das
dietas (RUANO et al., 2000; OLIVIER et al., 2002CIBEHEE et al., 2000). Dessa forma
pode-se inferir, que talvez a ingestdo de lipidesaearose, presentes na dieta, tenham
modificado a estrutura da membrana plasméatica,ecpentemente alterando a conformacgéo
da AChE ligada a membrana. Outra possibilidadeia sema inibicdo na sintese do
neurotransmissor ACh, ocasionada por interferétagafatores das dietas na disponibilidade
de seus precursores no terminal sindptico, o gaeetaria uma inibicdo na atividade da
propria AChE. Finalmente, pode-se considerar quex@osi¢do por um longo periodo as
dietas poderia influenciar o metabolismo, causanda represséo na sintese da enzima.

Além de determinar o efeito da baixa dose de Alsisbema colinérgico, também
foram avaliados os niveis de substancias reatigagcado tiobarbitirico (TBARS). Os
resultados demonstraram que o Al aumentou a forondeal BARS em cortex e hipocampo,
0 que pode resultar em alteragbes na estruturamgasbranas celulares. Assim, pode-se
afirmar que mesmo em baixas concentracées o Ahaamsaumento na peroxidacao lipidica,
que pode estar relacionada a alteracdes obsemaddstema colinérgico.

Ao mesmo tempo, os niveis de TBARS também forameatswos, em plasma e
figado de ratos machos e fémeas expostos as dimasem gordura e acgucar. Neste estudo,
também foi determinada a atividade da enzima adtiote catalase. Dessa forma, pode-se
afirmar que os animais que consumiram as dietassaptaram maior susceptibilidade das
membranas a peroxidacao lipidica, devido ao estresslativo. A atividade da catalase que
atua na defesa antioxidante das células a@®,Hoi aumentada, talvez devido a um
mecanismo compensatério contra o estresse oxidadiabendo que o Al interage com o0s
lipideos de membrana alterando a estrutura e fude&earias proteinas (JULKA & GILL,

1996), pode-se considerar que essas alteracOesnagetitividade de enzimas associadas a
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membrana (THERIEN & BLOSTEIN, 2000; LOPINA, 2000QBDYREYV, 2001), como é o
caso da forma insolivel da AChE, NTPDase e 5'-roiitlase.

O ambiente desempenha um papel fundamental nadegl@rganismos; a exposi¢cao
individual aos fatores Al e dietas resultou emraliées enzimaticas e inducédo do estresse
oxidativo. Considerando o0s resultados obtidos, izealse um estudo avaliando a
administragdo conjunta de ambos os fatores Al éasliesobre a atividade das enzimas
NTPDase e 5-nucleotidase. A realizacao deste estuzbrroborada por relatos sobre o papel
do colesterol no aumento da vulnerabilidade dashnamas a toxicidade do Al (SILVA et al.,
2002). Dessa forma, foi desenvolvido um protocalanal ratos machos recém-desmamados
foram expostos ao Al em associacdo ao consumo ekasdricas em gordura. Nesse
tratamento, utilizou-se o0 mesmo tempo (3 mesesj)se de exposicdo ao Al (50mg/kg/dia)
dos trabalhos anteriores. Ao mesmo tempo, foralizadbs ratos recém-desmamados para a
obtencdo de uma répida resposta metabdlica ass.di®s dados obtidos relataram um
aumento na atividade das enzimas NTPDase e 5otiddse em todas as dietas quando
associadas ao Al e Al+Ci em sinaptossoma de caerbral e plaguetas. Em adicéo,
observou-se que a hidrélise de ADP e AMP em plaguftdi significativamente maior nos
grupos que receberam dietas em associacdo a AmCelacdo aos que receberam dietas +
Al. Talvez esse fato esteja relacionado ao aumeatabsorcdo do Al potencializado pelo
citrato (KUMAR, 1998).

Um importante dado observado neste trabalho quanéaposicdo ao Al, foi que
mesmo em baixas concentracdes (0,1 mmol/kg) estal mausa alteracdes no sistema
colinérgico e induz a peroxidagdo lipidica. Quasgoadministraram sais de Al em uma
concentracdo mais alta (50 mg/kg), foi confirmadeoxacidade do Al que se reflete nas
alteracOes ocasionadas aos sistemas purinérgibnérgeco. Aléem disso, pode-se observar
que fatores das dietas, como lipideos e sacaribsggram a atividade da AChE e induziram
ao estresse oxidativo e a peroxidacao lipidicee€rmssultados corroboram a hipétese de dano
cognitivo e aumento da vulnerabilidade a desoraensoldgicas, como AD (WINOCUR &
GRENWOOD, 1999, KNOPMAN et al., 2001; KALMIJN et.,all997; 2000). Finalmente,
considerando as sociedades atuais e sua grandsigi@a diversos fatores ambientais, foi
investigado o efeito da associacdo do Al com dietedas em gorduras saturadas. Os
resultados obtidos nesse estudo, realmente coméirma papel do colesterol, presente nas
dietas, no aumento da vulnerabilidade das membrantxicidade do Al, contribuindo,
assim, para as alteracbes observadas na atividadéTBDase e 5-nculeotidase que séo

enzimas ligadas a membrana.
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5. CONCLUSOES

- Baixas concentracdes de Al (0,1 mmol/kg) alteranatividade da enzima AChE em
homogeneizado de diferentes estruturas encefadeasamundongos machos. Os resultados
da atividade da AChE foram diferentes entre asiesas cerebrais, devido ao efeito bifasico
do Al.

- A exposicao a altas concentracdes de Al (50 mglkgentou a atividade da NTPDase e 5'-
nucleotidase em sinaptossoma de cortex cerebpalcduinpo, e plaquetas. O comportamento
similar dos resultados obtidos em plaquetas e agdés sinaptossomais, sugere que as
plagquetas podem ser consideradas um bom indicadiéénco da toxicidade do Al no SNC.

- O Al aumentou a atividade da AChE em sinaptossoteacortex cerebral e em eritrécitos
de ratos. A atividade da AChE em S1 de diferendtsiteiras encefalicas de ratos foi ativada
em estriado e hipotalamo, e inibida em cerebelppdampo e cortex. Essas diferencas
comportamentais da enzima podem ser a manifestig@beito bifasico do Al. A diferenca
encontrada entre a fracdo sinaptossomal e o Sbrtex@ode estar relacionada ao fato da
preparacao sinaptossomal preservar a ordem da raeanbrpreservar a atividade de enzimas
ligadas a membrana. A correlacdo positiva da atded das enzimas NTPDase e 5'-
nucleotidase entre sinaptossoma e eritrocitos, dstred que 0s eritrécitos podem ser
considerados bom indicadores da funcéo colinéiggosal.

- O consumo de dietas ricas em gordura saturadai@iarefinado por um longo periodo
induziu a inibicdo na atividade da AChE nas difegsrestruturas encefalicas, que pode estar
relacionada a uma inibicdo na sintese da ACh.

- Nos ratos expostos a baixa concentracdo de Adrebg-se um aumento da peroxidagéo
lipidica, em resposta ao estresse oxidativo gepmiio® metal. Os animais que consumiram
dietas ricas em gordura saturada e acucar refiapisentaram um aumento da peroxidacéo
lipidica e da atividade da enzima catalase, comafitho a geracao de estresse oxidativo.

- A associacao entre o Al e dietas com gordurasradds e poliinsaturadas aumentou a
atividade das enzimas NTPDase e 5'-nucleotidasesieaptossoma de cortex cerebral e
plaguetas. Esse fato, sugere que o colesterolmieesas dietas aumentou o efeito toxico do
Al as membranas, alterando a conformacdo das esdigaas a membrana. Os resultados
obtidos em fracdo sinaptossomal e plaquetas, sugeree as plaguetas podem ser
consideradas um indicador do status purinérgictralen
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